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East-west trending, steeply dipping (85° +), overturned, 
Archean-age volcanic, sedimentary and intrusive rocks (sills) of 
pred::minantly greenschist-amphioolite transition facies grade are 
exposed in the Wabigoon Subprovince of mrthwestem Ontario, canada 
approximately 1.5 km southeast of Gagne Lake. 
Volcanic rocks associated with the Gagne Lake prospect, a showing of 
volcamgenic massive sulfide-type mineralization ( chalcopyri te, 
sphalerite, pyrite and galena), are primarily rhyolitic lava flows and 
pyroclastic (hydrovolcanic) rocks. The pyroclastic rocks serve as the 
oost rock for the prospect. Mafic lava flows are interlayered with the 
felsic volcanics but constitute only a m.i.mr portion of the 
stratigraphy. 
Tonalitic and rnafic sills ccmprise nearly 50% of the stratigraphy 
and range in time of emplacement fran prior to fonnation of the Gagne 
Lake prospect to after intrusion of the Little ottertail Lake Stock. 
Based on preserved primary textures and structures, the volcanic 
succession is thought to have formed under ooth subaerial and 
subaqueous conditions. Regional stratigraphic relationships suggest 
that the succession at one time formed part of an emergent volcanic 
island. 
Volcanic rocks and tonalitic sills underlying the prospect have been 
variably altered by hydrothennal solutions. Distribution and 
geochemistry of the altered rocks is such that four alteration 
assemblages can be defined: 1) least altered assemblage, 2) sericite 
(biotite)- chlorite-iron carl:XJnate assemblage, 3) actinolite-chlorite-
epidote assemblage and 4) dalrnatianite (sericite, chlorite, iron 
carbonate). The alteration assemblages deiimit a concentrically zoned 
alteration pipe below the prospect in which actinolite-rich rocks are 
enveloped by sericite or biotite-rich rocks and a stratigraphically 
serni-confonnable zone of serici tc al te...-ation within the hydrovolcanic 
rocks. A relatively small zone of dalrnatianite (spotted alteration) 
envelopes the Gagne Lake prospect. Crosscutting relationships indicate 
that actinolite-rich rocks and dalrnatianite formed at the expense of 
sericite and/or biotite-rich rocks. 
Alteration assemblages are believed to have formed by the 
circulation of hydrothennal solutions through the volcanic succession. 
Shallow circulating sea water reacted with felsic rocks and evolved 
into an acidic, potassium-rich brine. Reactions between this solution 
and felsic rocks in the field area produced the sericite/biotite-rich 
rocks by addition of potassium and magnesium to and leaching of calcium 
and sodium fran the rocks. Deeper circulating solutions encountered 
rnaf ic rocks at depth. Reactions between these fluids and the rocks 
produced a solution enriched in calcium, magnesium and iron. With 
ascent, this brine encountered sericite and biotite-rich rocks of the 
study area. The resulting reactions produced actinolite-rich rocks by 
addition of calcium, magnesium and iron to and leaching of potassium 
fran the rocks. As this solution mixed with sea water near the 
water-rock interface, it became enriched in magnesium. Reactions 
i 
between this magnesiun-rich solution and sericite-rich rocks produced a 
chlorite-quartz alteration assemblage that became dalmatianite during 
prograde metarrorphism. 
ii 
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PURPOSE of STUDY 
As a result of recent exploration for sulfide and 
precious metal deposits in rorthwesteni Ontario, 
remapping of the Rainy Lake area has been undertaken by 
various mining ccmpanies and the canadian Federal and 
Provincial governments as a means of evaluating the 
region for resource potential. This particular project 
was undertaken in conjunction with the Federal Government 
and Corporation Falconbridge Copper to study the 
stratigraphy and hydrothermal. alteration of the footwall 
and inmediate h.an;;Jing wall rocks of the Lake 
prospect, an occurrence of volcarx:genic-type massive 
sulfide minerals. Specifically, the objectives of this 
thesis are: 
1) To determine the volcanic rock types 
and their stratigraphic relationships. 
2) To develop a rrodel of the volcanic 
environment in which the rocks were 
deposited. 
3) To define the mineralogical and chemir:al 
changes caused by hydrothermal. . 
alteration in the rocks and develop an 
alteration rrodel. 
1 
LOCATION, ACCESS and PHYSIOGRAPHY 
Situated in the southwest quarter of Farrington 
TcMnship, Rainy River District, rx::>rthwestem Ontario, the 
study area is approximately half-way between the towns of 
Fort Frances and Mine Centre and 3. 5 km south of highway 
11 (Fig. 1) . The study area can be reached in two ways: 
either by taking highway 11 east out of Fort Frances for 
50 km to the eastern OOundary of Rainy Lake Indian 
Reserve 26A, or by boat going' eastward up Swell Bay into 
the inlet that receives drainage directly frc:m Gagne 
Lake. Fran either :i;x::>int, the study area can be reached 
via flagged bu1ldozed roads and trails. 
The topography of the map area consists of bedrock 
ridges that trend parallel to the strike of bedding. 
These ridges are separated by valleys that are localized 
along contacts between strata. Maximum elavation in the 
study area is 412 meters and maximum relief is 48.50 
meters. 
The study area is :i;x::>orly drained making' swamps a 
mman feature, particularly along lake sh::>res. Hc:Mever, 
outcrop exposure is nearly 50%. 
PREVICXJS WJRK 
One of the earliest detailed works produced a::incernin; 
the geology of the Fort Frances-Mine Centre area was the 
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Figure 1. Location of study area. 
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Lawson (Lawson, 1913). He developed a nanenclature of 
three groups: the metavolcanic Keewatin Group, and the 
rnetasedimentary Coutchiching and Seine Groups. Using 
principles of structural supe:rp::>sition, Lawson ooncluded 
that the Coutchiching was the oldest followed in age by 
the Keewatin and Seine Groups respectively (Lawson, 
1913). 
This interpretation prevailed until Grout ( 1925) 
showed by younging directions fran sedimentary features 
that the Coutchiching was yourYJer than the Keewatin and 
may be a lateral facies of the Seine Group. Grout's 
interpretation was oot fully accepted and many subsequent 
studies ooncern:inJ the stratigraphy of the area (e.g. 
Merritt, 1934; Ojakangas, 1972; Harris, addressed 
this problem as well as redefining the basic 
stratigraphy. 
In 1980, the Rice Bay area originally mapped by Lawson 
was found to be a d::me f onned by three def onnational 
events, and that the Keewatin Group was, in fact, the 
oldest ' of the three Groups (Poulsen et al., 1980). 
Goodwin (1977) in detailing the volcanisn of the 
Superior .Province showed that the volcanic stratigraphy 
is dcminated by sequences that are mafic to u1 trarnafic at 
the base and proportionately ncre £elsic tcMard the top. 
These volcanic successions are lensoid in shape and 
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overall similarities to Quaternary island arcs led 
Gcodwin ( 1977) to conclude that sane type of interplate 
tectonics may have c:x:::cuired during the Archean. 
Subsequent works on volcanic-sedimentary sequences within 
the Superior Province and the Wabigoon Subprovince have 
led others to postulate a rcodel of island-arc type plate 
tectonics for the f onnation of Archean 
volcanic-sedimentary sequences (Langford and M:>rrin, 
1976; Blackburn, 1980; Blackbum et al. , 1985) • Earlier 
rcodels were f ixist in that Archean rocks were 
autcx:hthonous, and rifting and diapiric intrusion were 
the major crust-fanning processes (M::Glynn and Henderson, 
1970). 
METHODS df STUDY 
Geologic mappinJ and rock samplinJ in a 4 sqt.iare 
kilaneter area were done during June and July of 1985 
along a cut and flagged grid established by Corp:>ration 
Falconbridge Copper. Results fran mappinJ were ccmpiled 
on mylar overlays in the field at a scale of 1:2500 and 
later transferred to a base map of the same scale 
provided by Corporation Falconbridge Copper. 
Two hundred twenty rock samples were collected and 
made into thin sections to study mineralogy, primacy 
textures, hydrothennal alteration, and metarrorphism. 
Detailed nodal analyses are tabulated in Appendix I. 
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Sixty-eight samples were also analyzed for major oxides 
and trace elements by the Geologic Survey of canada for 
use in mass-balance canputations. Analytical meth:::x:is and 
results are ccmpiled in Appendix II. 
Sixteen samples were analyzed by X-ray diffraction in 
order to deteDnine the chlorite species and to determine 
if cordierite is present in the rocks. 
Eight altered samples were stained with alizerin red S 
and p:>tassium f erricyanide using the meth:::x:is of Freidman 
(1959) and Evamy (1962) for the deteJ:mination of the 
carbonate species. Results for X-ray analyses and 
chanical staining are ccmpiled in Appendix III. 
REX3IONAL GEDu:x;'{ 
Bounded on the oorth by the Quetico and on the 
south by the Seine River-Rainy Lake Fault, the 
Archean-age rocks of the Fort Frances-Mine Centre area 
fonn a fault-bounded wedge of crust between the Wabigoon 
Subprovince to the oorth and the Quetico Subprovince to 
the south (Fig. 2) • Both subprovinces are part of the 
Superior Province (Poulsen, 1982). Because of 
similarities in litlx:>logy, the bounday zone is typically 
included within the Wabigoon Subprovince. 
The three areas are structurally discordant in that 
the Wabigoon is daninated by d:mal features resulting 
fran diapiric intrusions and the refolding of earlier 
6 
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Figure 2. Distribution of greenstone and gneiss belts of northwestern 
Ontario (After Condie,1981) 
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nappe structures ( Schwerdtner et al. , 1979; Poulsen et 
al., 1980). The Quetico consists of steeply dipping 
metasedimentary strata with uniform east-trending strikes 
subparallel to the Seine River-Rainy Lake Fault (Poulsen, 
1981). The boundary zone, which includes the study area, 
is a dextral wrench zone resulting fran right-lateral 
novements on l:x:>th of the faults (Poulsen, 1981). Locally, 
intrusion of the Little ottertyail Lake Stock 
(Proterozoic) has metanorph:lsed rocks in the bound.ary 
zone to the greenschist-amphirolite transition facies 
(Poulsen, 1981) • 
Rocks of the Fort Frances-Mine Centre area consist of 
mafic to felsic metavolcanics, interbedded metasediments, 
includirx] min:>r iron formaticn, and granitic plutons. 
Locally, the sequence is 15 km thick (Fig. 3). 
The metavolcanic rocks f onn a succession of 
pred:minantly felsic metavolcanic rocks with mafic and 
intermediate cx:mp::::>sitions occur.rirg near the base. The 
. _volcanic . succession is intruded by a series of gabbroic 
and granitic sills and granitic stocks. 
The mafic rocks range in cx:mposition and m::x:1e of 
ocau:rence fran olivine gabbro intrusions to tholiitic 
basalt lava flows (Goodwin et al., 1972; Goodwin, 1977). 
Ma.fie and intermediate ( andesi tic) metavolcanic rocks 
exhibit pillowed, fragmental and massive textures whereas 
8 
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Figure 3. Legend for regional geology map. 
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the felsic metavolcanics are fragnental or massive 
(Poulsen, 1982) • 
The grani.tic plutans can be grouped into two broad 
categories (Blackbun'l, 1978): 
1) Metarrorphosed grani.tic rocks 
2) Nonmetarrorphosed grani. tic rocks 
For simplicity, nonmetarrorphosed grani.tic rocks will be 
referred to as granitic rocks only. The grani.tic rocks 
ccmpose a spectrum of ccmpositians ranging fran nonzani.te 
to grani.te while the metarrorphosed granitic rocks are 
nore binodal in ccmposition and consist of grani.te and 
tonalite _without significant volumes of intermediate 
ccmposi tians ( Gcx:x:iwin, 1972; Poulsen, 1981) • 
As well as bein9 cc:mpositionally the two 
groups also have cantra.stinJ m::xJes of occurrence. The 
metanorphosed grani.tic rocks tend to occur as sills and 
dikes; grani.tic rocks fonn bath::>liths. 
Metasediments are prd::rninantly metagraywacke, but 
local variations have led to the division of the 
metased:iroents into three groups (Blackbun'l, 1978): 
1) Metagraywacke 
2) Metagraywacke with chert, slate and 
iron f onnation 
3) Slate with metagraywacke 
Each group is arranged in decending order by abundance. 
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Metagraywackes have been interpreted to be turbidites and 
the abundance of volcanic detritus incorporated into the 
metagraywackes suggests that deposition and volcanism 
were peneccmtanporaneous ( Oj akangas, 1985) • 
Rocks found in fault zones consist of schists, 
mylanites, and cataclastites that have been interpreted 
to be sheared equivalents of the igneous and sedimentary 
rocks of the. region (Ojakangas, 1972; Poulsen, 1982). 
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ll. LrmOLOGY and STRATIGRAPHY 
INI'RODUCTION 
The distribution of rcx:::ks in the study area is shewn 
on Plate 1 (back jacket), and m::xla1 mineral abundances 
for represenative samples of each lith:>logy are ccmpiled 
in Appendix I. 
The rocks have a consistent east-west strike and dip 
either vertically or steeply ( 850+) to the south. Other 
top indicators in the regicn, as well as graded bedding 
within the study area, indicate that the strata are 
.slightly overtunled to the south. A vertical, 
bedding-parallel foliation cx:::curs in the area but is not 
pervasive in outcrop; 1:n thin section, h::Mever, foliation 
and bedding are virtually 
With the of unit 8, which has not undergone 
rnetarrorphisn, the intrusion of the Little ottertail Lake 
stock (Fig. 3) rnetarrorph:>Sed the rocks in the area to the 
greenschist-arnphib::>lite transiticn facies with 
temperature and pressure conditions of rnetarrorphisn 
having been appraxima.tely 500-550 CC at 2.0-3.5 kbar 
(Winkler, 1976; Poulsen, 1982). For brevity, the prefix 
meta will not be used in this text. 
Despite having been b::>th rnetarrorph:>sed and 
hydrothennal.ly altered, the rcx:::ks display primary igneous 
textures in outcrop and thin section that allow for the 
13 
determination of the original character of the rock. 
The stratigraphy of the Gagne Lake area (Fig. 4) 
consists of rhyolitic lava flows and bedded pyroclastic 
rocks interlayered with plagioclase-phyric mafic flows 
and tonalitic and mafic sills. 
LAVA FLOVS 
Mafic and felsic lava flows constitute 80-90% of the 
volcanic rocks and 50-60% of the stratigraphy in the 
study area. Al.though typically massive, locally the lava 
flows are porphyritic, amygdaloidal, and/or flow banded. 
Flow breccias are absent, but ash-sized fragments are 
locally incorporated irito the quartz-feldspar poI:phyl:y 
lava flow. 
Absence of features such as shards, abundant 
lithic/pum:ice fragrnrents and interbedded air fall tuffs 
cx::Jmall.y associated with ash tuffs (Bannichsen and 
Kauffman, 1987; Olapin and Lowell, 1979) indicates that 
these units are lava flows rather than pyroclastic rocks. 
Felsic Lava Flows · 
Quartz-Feld.spar Porphyl:y 
(Unit 1, Plate 1) 
A rhyolitic, quartz-feldspar porphyry (QFP) lava flow 
crops out in the southwest oonier of the field area and 
constitutes 5 to 7% of the volcanic stratigraphy. The 
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Figure 4. Stratigraphy of the Gagne Lake area measured along AB, 
L75E, Plate 1. 
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In outcrop, the QFP is massive to porphyritic and 
differentiated fran the other rtlyolite lava flows by the 
presence of medium-grained (1.0-5.0 nm) phenocrysts of 
quartz and plagioclase. 
In thin section, fine to medium-grained, broken 
phenocrysts make up 2 to 7% of the QFP and consist of 
pilotaxi.tic andesine (An.33-37) lath.s and quartz that is 
either anhedral or exhibits a beta-quartz (bipyramidal) 
habit (Fig. 5) • The unit is a serriate porphyry and 
locally glaneropoI:phyritic. 
Small (<1.0 nm) quartz-filled amygdules are present 
and mnprise 1 to 12% of the unit. The amygdule.s are 
round to elliptical in ·shape and may occur in trains 
parallel to flow banding and/or metam:>rphi.c foliation 
that is by the segregation of light and dark 
minerals and the preferred orientation of biotite 
and/chlorite. Ash size (<1.0 nm) siliceous fragments are 
locally present and ccmprise up to 12% of the QFP. 
The matrix of the QFP is c:x:rtp:)sed pred:rni.nantly 
(30-90%) of fine-grained (<0.5 nm) recrystallized quartz, 
albite and minor cordierite (determined by X-ray 
diffraction and thin section analysis). Recrystallized 
spherulites (<1.0 nm) are locally abundant (1-10%) 
indicating the original matrix was glassy. Fine-grained 
biotite (15-30%) occurs in veinlets or disseminated 
16 
throughout the rock and is camorily intergrCMri with 
chlorite. Magnetite (l-4%), sphene (<2%) and apatite 
(<1%) are the major accessory minerals (Appendix I). 
Sericite, chlorite and iron carbonate are present and 
thought to represent minerals f omed during hydrothermal 
alteration • 
.Amygdaloidal Rhy?lite Lava Flows 
(Unit 2, Plate 1) 
Constituti.n; 60 to 70% of the volcanic rocks, 
amygdaloidal rhyolite lava flows are the rrost volumirx:rus 
rock type in the study area and differentiated fran the 
QFP by the absence of megasoopic phenocrysts. These uni ts 
fonn thick ( 50 to 400 m) uni ts, sane of which can be 
traced along strike for at least 2.0 km. In outcrop, the 
amygdaloidal rhyolites are typically massive and 
aphanitic. Locally, hc:Mever, sane outcrops are coarse 
grained enough to display a megasoopic f oliatian 
subparallel to the regional strike. The foliation is 
defined by the preferred orientation of biotite and 
chlorite and may represent flow banding or a metarrorphic 
effect. The amygdaloidal rhyolites are rrottled reddish 
brown and gray an weathered surf aces and light gray to 
black an fresh surf aces. Weath.erin; of sulfides produces 
pits an the outcrop that are enci:usted by lirronite. 
In thin section, round to elliptically shaped 
17 
Figure 5. Photomicrograph of plagioclase (upper right) 
and quartz (center) phenocrysts in QFP. Matrix 
is composed of plagioclase, quartz, biotite 
and minor cordierite. Crossed polars, field of 
view Sx7mm. 
Figure 6. Photomicrograph of quartz-filled amygdules 
in amygdaloidal rhyolite lava flow . Plane 
polarized light, field of view Sx7mm . 
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amygdules typically constitute fran 3 to 6% of the rock 
but may be present in am:::ru:nts up to 15%. The amygdules 
are small (<1.5 nm) and filled by either quartz (Fig. 6) 
or quartz in association with biotite, chlorite or 
sericite. Quartz and quartz-biotite-filled amygdules 
predaninate. cataclastized micropherx:x::rys (<1.0 nm) of 
pilotaxitic andesine (An32-39) and anhedral quartz 
canp::>Se 1 to 6% of the rock. The percentage of 
phen::x:::rysts increases stratigraphically upwards. 
FlCM band:5 are thin (<5.0 nm) and defined by the 
segregation of light and dark minerals. FlCM banding is 
typically plane parallel but may becane convoluted and 
discontinuous around pherx:x::rysts and amygdules. Aligned 
trains of vecy-f ine-grained amygdules may reflect 
original flCM banding. 
Fine-grained (<1.0 trrn) recrystallized spherulites 
(2-15%) have been observed in thin section and indicate 
that the original matrix was glassy. The spherulites are 
round to elliptical in shape and may exhibit a radiating 
texture. 
Based on X-ray diffraction and thin-section study, 
quartz, albite and cordierite (<10%) are found to fonn 40 
to 90% of the fine-grained ( <O. 50 nm) matrix of the 
rhyolites. These minerals occur as either a massive, 
recrystallized rrosaic of grains or in a radiating, 
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"leafy", texture that is interpreted to be a relict 
devitrification feature. Fine-grained (<l.0 nm) biotite 
(10-25%) is found disseminated through'.::rut the rock or, 
locally, it occurs as vein.lets or filling amygdules with 
quartz. Sphene (l-4%), magnetite (l-4%) and apatite (<2%) 
are the accessory minerals (Appendix I) • Serici te, 
chlorite, actinolite, epidote and iron carbonate are 
locally abundant and believed to represent minerals 
fonned during hydrothennal alteration. Veinlet and 
disseminated sulfide mineralization of pyrite 
with lesser sphalerite ( <1%) and/or chalc::Opyrite ( <1%) 
are present in anounts up to 3%. Lim:lnite staining occurs 
with the sulfide mineralization. 
Maf ic Lava Flows 
AI!lygdaloidal, Plagioclase-Phyric, Mafic Lava Flows 
(Unit 3, Plate l) 
Two plagioclase-phyric mafic lava flows outcrop in the 
study area and make up 10 to 20% of the volcanic 
stratigraphy. The stratigraphically lowest of the two 
flows has a strike length of at least 2.0 km. Thinning to 
the east, the flow varies in thickness fran 70 to 100 m. 
The stratigraphically higher lava flow pinches out to the 
east and is thinner ( 5-20 m). Both flows are dark green 
to black in outcrop and slightly foliated. The best 
exsposures of these units occur in the IXJrthwest corner 
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of the field area and near the north shore of One Island 
Lake (Plate 1 ) • 
In thin section, the mafic lava flCMS are serriate 
p::>rphyries in which andesine (An3s-42) pheoocrysts 
grade into a matrix of predaninantly chlorite and quartz 
(Fig. 7) • Phenxrysts o:xiip:rise 8 to 15% of the rock and 
range in size fran less than 0.30 nm to 0.80 nm with an 
average grain size of 0.50 nm. The pheoocrysts appear to 
be randcrnly oriented and cataclasis is o:xmon. The 
percentage of pheoocrysts decreases to the east to less 
than 2%. 
In the stratigraphically lowest lava flow, the 
pheoocrysts are smaller and invariably pseudcm:>rphed by 
iron carbonate whereas pheoocrysts in the upper lava flow 
exhibit only partial replacanent around crystal edges by 
carbonate or sericite. 
Each flow contains 5 to 12% quartz-filled arnygdules. 
The amygdul.es are small (<1.0 nm) and elliptical in 
shape. 
Oll.orite is the dcminant matrix mineral (30-40%) and 
occurs in fibrous or radiatirg masses that are intergrown 
with biotite (2-10%). X-ray diffraction ·studies indicate 
that chlorite varies in canposition fran penninite to 
ferroan clin:x:l)lore (Ben:y, 1974, Switzer, 1977); the 
an:malous indigo interference color observed in thin 
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Figure 7. Photomicrograph of serriate plagioclase 
phenocrysts in mafic lava flow. Matrix is 
composed of chlorite, biotite, quartz and 
Crossed polars, field of view 
5x7mm. 
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section indicates that the pemrlnite is iron enriched 
(Phillips and Griffen, 1981) • Fine-grained, bladed to 
fibrous hornblende (8-15%) and anhedra1 quartz (10-20%) 
and plagioclase (5-10%)are also present in the matrix. 
Epidote (4-11%) magnetite (l-3%) sphene (l-4%) and 
ilmenite (0-1%) constitute the accessory minerals 
(Appendix I) • Platy sphene grains and sphene grains with 
ilmenite cores indicates that sphene occurs as a 
pseud:m::>rph after ilmenite. 
PYRCX:I.ASTIC ROCI<S 
Pyroclastic rocks ccmprise 10-to 20% of the volcanic 
rocks and 5 to 10% of the rocks in the study area. These 
fine-grained units c:onSist of well-bedded, and locally, 
graded tuffs and lapilli tuffs. 
Bedded Tuff s and Lapilli Tuff s 
(Unit 4, Plate l) 
Interlayei:'ed, f elsic bedded tuf fs and lapilli tuf fs 
ccmprise 10 to 15% of the volcanic stratigraphy in the 
area and are the :tx::>st rocks for the sulfide 
mineralization (Gagne Lake prospect). fran 80 to 
160 m in thickness, the tuffs thin to the west and have 
strike lengths that exceed 2.0 km. The units are thinly 
bedded (<5.0 an) and light brown to black on both fresh 
and weathered surfaces. A vertical, bedding-parallel 
foliation is present on sane outcrops. 
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Lapilli tuffs are characterized by th.in (<0.5 m) 
nonnally graded beds which are lapilli-rich (10-50%) at 
the base and grade upward into finely-bedded ash-size 
material. The elliptically shaped lapilli (2.0-8.0 nm) 
CCITlp:)Se fran 3 to 50% of an individual bed and are 
aligned in the plane of bedding' (Fig. 8). The elliptical 
shape of the lapilli may be the result of o:mpaction 
and/or post-deposition defonnation. 
Typically, the beds are plane parallel, but, locally, 
convoluted and lens-like bedding' was observed. At least 
four units of the lapilli tu.ffs were counted in the 
field. 
Eastward, the lapilli tuf fs pass into uniformly bedded 
tuffs that are virtually fragment free ( <1%) • Bed.din; in 
these units is pred:minantly plane parallel (Fig. 9) but 
convoluted bedding' (Fig. 10), load structures (Fig. 11) 
and symnetrical ripple marks (Fig. 12) are locally 
present suggesting that the units were deposited in a 
water-rich, turtrulent flow (base surge?) (Fisher and 
Schmincke, 1984). 
Near the base of the bedded tuffs and lapilli tuffs, 
in the western end of the study area, large ( >64 nm) 
rounded to fusif onn fragments canposed of f ine-gra.ined 
quartz and feldspar are present ( 5-7%) • Associated with 
these fragments are symnetrical to ballistically shaped 
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Figure 8. Lapilli aligned in plane of bedding of lapilli 
tuff. Unit tops to north (left). Lens cap is 52mm 
in diameter. 
Figure 9. Plane parallel bedding in bedded tuff. Lens cap 
is 57mm in diameter. 
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Figure 10. Convoluted bedding in bedded tuff. Lens cap is 
57mm in diameter. 
Figure 11. Load structures in bedded tuff . 
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banb-sagged heddj ng features (Fig. 13) • 
In thin section, lapilli were observed to be 
predaninantly siliceous, p::>Ssibly juvenile, fragments 
rather than pumiceous (Fig. 14). Constituting 3 to 50% of 
an individual bed, the fragments are subrounded, O'.:illlOIUY 
broken, and range in size fran coarse ash (0.5-1.0 nm) to 
lapilli (2.0-8.0 nm). Ash-sized, chloritized pumice 
fragments occur locally and constitute up to 4% of the 
rock. The pumice fragments are slightly flattened and 
exhibit a weak preferred orientation subparallel to 
bedding. Ash-sized fragments of graphically inte:rgrc:Mn 
quartz and feldspar (orth:x:lase?) are present but only in 
min:>r (<1%) anounts. Fragments of the rllyolite flows 
(<1.0%) occur as accessory fragments. 
Fine-grained (<1 nm) phenocrysts are ccmp::>Sed of 
either pilotaxi tic plagioclase ( 1-5%) or anhedral quartz 
( 1-8%) • Both plagioclase and quartz phenocrysts are 
serriate and cataclastized. 
_The matrix is canposed primarily of a recrystallized 
rrosaic of very fine-grained (<0.25 nm) quartz, albite and 
min:>r cordierite that constitutes 40 to 90% of the rock 
with biotite (5-40%) and magnetite (1-4%) as the major 
ac:c.essory minerals (Appendix I). 
Biotite flakes (<0.25 nm) are dissaninated througmut . . 
the rock and a:imonly aligned in the plane of bedding or 
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Figure 12. Symmetrical ripple marks in bedded tuff. Unit 
tops to north (top of page) . 
Figure 13. Fusiform, block-sized fragment and bomb-
sagged bedding features in lapilli tuff. 
Unit tops to north, (top of pagei. 
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Figure 14. Photomicrograph of broken lapilli. Plane 
polarized light, field of view Sx7mni. 
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foliation. Oll.orite is typically intergrown with biotite 
in fibrous or radiating masses. Poikolitic intergrowths 
of nruscovite and quartz are present but rare (<1%). 
Magnetite is disseminated throughout the rock. Sericite, 
chlorite, epidote and iron carbonate are considered to be 
minerals fonned by hydrothermal alteration and will be 
discussed nore thoroughly in the chapter an hydrothermal 
alteration. Sulfide mineralization varies fran 1 to 7% 
disseminated sulfides and consists of pyrite with lesser 
sphalerite (<1%) and/or chalcopyrite (<1%). 
Bedded Tuff 
(Unit 5, Plate 1) 
outc:roppin;;J in the IX>rthwest comer of the study area 
is a thin (5-10 m), chlorite-rich tuffaceous unit that 
may be sedimenta:cy in origin rather than ·volcanic. The 
bedded tuff pinches out towards the east and cx:mprises 
less than 3% of the rocks in the map area. The unit is 
thinly bedded (<5.0 an) and displays plane parallel 
bedding (Fig. 15) • Dark green to black, the bedded tuff 
is canposed primarily of medium-grained (1-5mn), 
crenulated, biotite and chlorite that is aligned in the 
plane of bedding and/or foliation. 
In thin section, biotite (15-20%) and chlorite 
(30-35%) are intergrown into fibrous masses (Fig. 16). 
Fine-grained, anhedral quartz (20-25%) and fine-grained 
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Figure 15. Plane parallel bedding in bedded tuff. Lens 
cap is 52mm in diameter. 
Figure 16. Photomicrograph of bedded tuff. Biotite (yellow) 
and chlorite (green) with quartz. Crossed polars, 
field of view 5x7mm. 
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plagioclase laths (2-6%) constitute the other najor 
minerals. The plagioclase is pilotaxitic, subparallel to 
the biotite and chlorite masses and pseud::xrorphed by 
cartx::>nate. Quartz typically occurs as anhedral grains but 
is also present as veinlet filling material with 
cartx::>nate. Ash-sized ( <2.0 mn) lithic fragments make up 1 
to 3% of the rock. The fragments are elliptical and 
highly chloritized. Sphene (1-3%), tourmaline (1-2%) and 
apatite (<1%) are the accessory minerals. 
INI'RUSIVE ROCl<S 
Intrusive rocks make up 30 to 40% of the rocks in the 
study area and ran;e in time of emf?lacanent fran prior to 
hydrothennal alteratiori for the tona.lite sills to 
:post-emplacanent of the Little Ottertail Lake stcx::k. 
Tana.lite Sills 
(unit 6, Plate 1) 
The tana.lite sills are greenish gray in color on b::>th 
weathered and fresh surfaces, 20 to 90 m thick, and 
slightly foliated. Strike lengths for these sills exceeds 
2.0 km. Similarities in mineralogy between these units 
and the felsic volcanics suggests that the two rock types 
may be genetically related. 
Mineralogically, andesine (An35-39), quartz, 
bioti te and chlori te fonn the bulk of the rock (Fig. 17) • 
Plagioclase (10-30%) occurs as fine to medium-grained 
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(<5.0 nm) laths with partially cor:roded edges or as 
graphic intergrowths with quartz similar to the fragments 
in the lapilli tuffs. Grains of graphically intergrown 
quartz and plagioclase may be up to 3.0 nm but are 
generally in the 1.0 to 2.0 nm range. Quartz (10-20%) 
also occurs as small (<2.0 nm) anhedra1 grains. Biotite 
(5-30%) and chlorite (6-30%) are invariably intergrown 
into fibrous masses. The individual grains are fine 
grained, but the masses of intergrown bioti te and 
chlorite are up to several millimeters in length and sh:Jw 
a weak preferred orientation. Disseminated pyrite ( <l. O 
nm) is· present in sane samples in arrounts up to 2% 
(Appendix I). 
Acti.n:::>lite, epidote and iron cart:x::inate are also 
present and alcn::l with chlorite are interpreted to be 
hydrothennal alteration minerals. Al th:rugh serici te is 
present, its abundance is so low (1-5%) and its 
occurrence is so pervasive that its classification as a 
hydrothennal alteration mineral is speculative. 
Maf ic Sills 
(unit 7, Plate 1) 
Laterally extensive ( >2.0 km) and massive to slightly 
foliated in outcrop, these 26 to 100 m thick units are 
quite similar in appearance to the tanalite sills. On a 
fresh surface, h::Mever, gray to white, fine to 
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Figure 17. Photomicrograph of tonalite sill. Plagioclase, 
quartz, biotite, chlorite and graphically 
intergrown quartz and plagioclase. Crossed 
polars, field of view 5x7mm. 
Figure 18. Photomicrograph of mafic sill. Hornblende with 
quartz, chlorite and grapically intergrown 
quartz and plagioclase in which the plagioclase 
has been saussuritized. Plane polarized light, 
field of view 5x7mm. 
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medium-grained plagioclase grains and pink to flesh 
colored graphic intergrowths of quartz and plagioclase 
can be seen against a green matrix. Previous geochemical 
(Poulsen, 1982) has shown these rocks to be 
originally basaltic in ccmposition. 
In thin section, the mineralogy of these rocks is 
hornblende, andesine (An35-42), chlorite, epicbte, and 
sphene (replacing ilmenite) with m:i.ror quartz and apatite 
as well as the graphic intergrowths (Appendix I) • Medium 
grained ( l. 0-4. 0 nm) bladed to fibrous OOrnblende 
(25-60%) with interstitial, massive to fibrous chlorite 
(charrosite?) (10-20%) daninate (Fig. 18). Plagioclase 
(7-15%) occurs as indiVidua1 laths (0.5-2.0 nm) or as 
graphic intergrowths with quartz. Comonly, the 
plagioclase that is intergrown with the quartz is 
pseud:::m:>rphed by chlorite and epicbte. Quartz (10-18%) is 
also present as snall (<1.0 nm) anhedral grains that 
grade into the matrix. Euhedral, fine-grained epicbte 
(3-25%) occurs disseminated through:Jut the sample or in 
anastarosing veinlets. Apatite (<2%) and ilmenite (1-7%) 
are the major accessory minerals. Sphene (1-5%) camonly 
occurs as a pseucX:m:lrph of ilmenite. Where the 
replacement of ilmenite is incanplete, cores of ilmenite 
mantled by sphene are present. 
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Gab bro 
(unit 8, Plate 1) 
This 90 to 100 m thick sill is also laterally 
extensive (>2.0 km) and recognized in outcrop by its 
ophitic texture. Differential weathering of pyroxene and 
plagioclase has produced a spotted, krx:lbby texture on the 
outcrop surf ace in which resistant pyroxene grains are 
darker in color and stand up in relief against the 
plagioclase (Fig. 19). The unit is medium to coarse 
grained (2.0-7.0 nm), t;mckens to the east, and weathers 
to dark green or shades of brown. 
Under the microscope, the rock is ccmp::>Sed of 
uralitized, euhedral augite oikociysts (30-40%) 
interstitial to which are either an assemblage of fibrous 
to massive chlorite (20-30%), and fine-grained, euhedral 
epidote (zoisite) (15-30%) fran the saussuritization of 
plagioclase or partially saussuritized plagioclase 
( 2-20%) (Appendix I) • Quartz pherx:x:::rysts (<2%) are fine 
grained and grade into the matrix where quartz a:rnprises 
l to 8 % of the rock. Larger quartz pherxx:rysts are 
present in outcrop as blue qoartz. When abundant, the 
pheoc)c:rysts are grouped together in patches. Ilmenite 
(l-5%) that is either partially or totally replaced by 
sphene is the major accessory mineral and apatite is 
present as a min:>r constituent (<1%). 
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Figure 19. "Knobby" texture in gabbro produced by 




'!'he volcanic stratigraphy in the Gagne Lake area 
a:msists of a relatively thick sequence of rhyolite lava 
flows which passes stratigraphically upwards into a 
sequence of interbedded mafic lava flows, bedded tuffs 
and lapilli tuffs (Fig. 20) • Field evidence indicates 
that the eruption of the volcanic rocks occurred under 
both subaerial and subaquecJUS oonditians. The following 
is a proposed volcanologic rrodel for the f onnatian of the 
rocks in the map area. 
Rhyolitic lava flows daninate the yolcanic 
stratigraphy in the study area. The rhyolites are thick 
(up to 400 m) units that may have strike lengths in 
excess of 2.0 km. The aerial extent of these units 
suggests that they may have been erupted ·at relatively 
high CC) for rhyolites and 
p:>SSibly gas charged (Hausback, 1987; Bonn.ichsen and 
Kauffman, 1987). Typically massive but locally flow 
banded, porphyritic, amygdaloidal or spheru.litic, these 
units are texturally similar to rhyolite lava flows and 
dcmes near Mine Centre (Poulsen, 1982) • 
Absence of features within the sequence of rhyolite 
flows (dcmes?) such as hyaloclastite material, quench 
textures, and interbedded sedimentary rocks which are 
camonly associated with subaquecJUS rhyolite flows (i.e. 
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Bedded tuff (sedimentary?) 
Massive to porphyritic mafic lava flow Shallow 
Subaqueous 
Bedded tuffs and lapilli tuffs 
Massive to porphyritic maf fr lava flow 
Subaerial 
Amygdaloidal rhyolite lava flows 
Quartz-feldspar porphyry lava flow 
Flow banded, vesicular rhyolite lava flow 
Figure 20. Diagramatic columnar section of the volcanic stratigraphy 
of the Gagne Lake area showing proposed facies changes 
with time 
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Rosen-Spence et al., 1980) and Hill F.nd. Trough, New South 
Wales, Australia (cas, 1978)) cx:mbined with the absence 
of pillow structures and hyaloclastite material in the 
overlying mafic lava flow suggest that the rhyolites and 
overlying mafic flow were fanned in a subaerial 
environment. Further evidence that these units are 
subaerial is the presence (outside the field area) of a 
highly vesicular, flow-banded rllyolite lava flow 
stratigraphically below the rllyolite lava flows in the 
study area that has been intapreted to be subaerial (B. 
Baily, pers. cxmn., 1985) (Fig. 20). 
Felsic bedded tuf f s and lapilli tuf f s overlie the 
rhyolite and mafic lava flows. The thin (<0.5 m), locally 
graded bedding, near OOrizantal bedding angles, 
sedimentary structures, quenched juvenile fragments, 
extremely fine grain size, and limited vertical extent of · 
the units are characteristic of hydroclastic dep::>Sits 
fanned by explosive hydrovolcanic (phreatanagmatic) 
eruptions (Heiken, 1971; Wohletz and Sheridan, 1983). 
HyOroclastic dep::>sits like ttx:>se in the field area are 
characteristic of tu.ff rings. Tuff rings are relatively 
small (<3.0 km in diameter), typically asyrnnetric 
volcanic edif aces of low relief that occur in clusters 
and are camonly associated with maar volcanoes (Wohletz 
and Sheridan, 1983). 
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Explosive hydrovolcanic eruptions are believed to be 
the result of fuel-coolant interactions (FCI) in which 
the fuel is a magma, and the coolant is an external 
source of water (either ground water or a standing body 
of water) (Sheridan and Wohletz, 1983). 1m FCI typically 
involves the contact of the two fluids with the fuel 
being atove the toiling p::>int of the coolant. During an 
FCI, the coolant may be vap::>rized, resulting in its rapid 
expansion, and the fuel chilled or quenched (Sheridan and 
Wohletz, 1983). 
Experimental studies (Wohletz and M::Queen, 1984) and 
detailed studies of tuf f ring evolution and norphology 
(Wohletz and Sheridan, ·1983; Sheridan and Wohletz, 1983) 
have determined that the explosivity of the FCI and, 
consequently, the nature of the hydrovolcanic eruption is 
controlled by the coolant/fuel (water/magma) ratio. The 
volume of water that interacts with magma during a 
hydrovolcanic eruption is governed by the actual 
abundance of water present, accessibility of the water to 
the magma, cind the anount of magma. For example, during a 
hydrovolcanic eruptuan, if the available water has only 
limited access to the magma, then the eruption will take 
place at a low water/magma ratio even tl"nlgh the anount 
of water available may be large (Sheridan and Wohletz, 
1983). 
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For felsic magmas, when the water/magma ratio is low 
(subaerial conditions'?), the exuption is predcminantly 
magmatic and results in lava flCMS or pumice fall and 
flow deposits. With increasi.n; water/magma ratios 
(available ground water'?), the water is flashed to steam 
and expands rapidly resulting in highly energetic and 
inflated base surge eruptions of superheated steam and 
ash with associated ash falls. These result in the 
deposition of well-bedded, fine-grained ash and lapilli 
as a tuff ring. Higher water/magma ratios (shallow 
surface water?) result in less energetic eruptions of 
water-saturated surges and ash falls (and possibly vent 
lahars) that deposit thick, massive ash beds as tuff 
canes. At very high water/magma ratios (deep water?), 
relatively passive eruptions occur that deposit pillow 
lavas and hyaloclastites (Wohletz and Sheridan, 1983; 
Osterberg, 1985). 
As stated previously, the hyalotuffs in the map area 
exhibit characteristics similar to those of tuff rings 
(Sheridan and Wohletz, 1983; Heiken, 1971) • Formation of 
a tuf f ring indicates that the hydrovolcanic exuption 
occurred at a low water/magma ratio (Wohletz and 
Sheridan, 1983). 
Penecontemporaneous with the hydrovolcanisn, the Gagne 
Lake prospect was fanned by the precipitation of sulfides 
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in a subaqueous environment fran a hydrothennal. system. 
Such systems usually invove evolved sea water (Franklin 
et al., 1981). During fonnation of the prospect, the 
rocks were hydrothermally altered. (Franklin et al . , 
1981). The presence of a volcanogenic-type massive 
sulfide deposit within the tuff ring indicates that 
deposition of the felsic bedded tuffs and lapilli tuffs, 
in part, in a shallow subaqueous environment. 
Volcanism within the study area concluded with the 
deposition of the mafic lava flow and chlorite-rich 
bedded tuf f that outcrop in the IXlrthwest comer of the 
map area (Plate 1). The thinly bedded nature of the 
bedded tuf f is a characteristic of volcaniclastic 
sedimentary rocks (Fiske and Matsuda, 1964; Pettijohn et 
al., 1972; Fisher and Schmincke, 1984) . C.oupled with the 
presense of volcanogenic-type massive sulfides within the 
bedded tuffs and lapilli tuffs strati.graphically below, 
the mafic lava flow and bedded tuff were deposited in a 
subaqueous environment. 
Intrusion of sills into the volcanic succession 
occurred in three stages. First, the abundance of 
minerals ( actinoli te, chlori te, and iron carbonate) 
th:rught to have formed by hydrothermal alteration in the 
tonalite sills indicates that these units are synvolcanic 
and emplaced prior to deposition of the sulfide minerals. 
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Secondly, because the mineral assemblage of the mafic 
sills is characteristic of a basalt that has underegone 
metamorphism to the greenschist-amphioolite transition 
facies (Winkler, 1976; Williams, 'I'lll:ner and Gilbert, 
1982) these sills were elli>laced after hydrothe:rmal 
activity ceased but prior to emplacement of the Little 
ottertail Lake stock. Intrusion of the gabbro represents 
a final, late-stage igneous event in the map area that 
p::>st-dates intrusion of the Little ottertail Lake stock. 
Although explosion breccias which cx::xmonly occur near 
the vents of tu££ rings (Sheridan and Wohletz, 1983) are 
absent, the presence of block-size fragments within the 
bedded tu£fs and lapilli tu£fs, and the presence of 
tonali te sills that, based an similar mineralogy, may be 
genetically related to the rhyolite 
intrude indicates that the volcanic stratigraphy of the 
Gagne Lake area represents a near-to-medial source f acies 
(Williams and M:Birney, 1979; Fisher and Schm.incke, 
1984) • The center of volcanism for the area has been 
interpreted to be northwest of the _ field area Mine 
Centre (Poulsen, 1982) • 
Units of pillc:Med basalt and pillowed intennediate 
volcanics have been mapped in the Fort Frances-Mine 
Centre area and outcrop stratigraphically a00ve and below 
the rocks of the study area (Fig. 3) • Pillowed flows 
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indicate that these horizons famed in a subaqueous 
environment (Ballard and M:x:>re, 1977). This progression 
of subaqueous lava flows through a sequence of subaerial 
rhyolite lava flows, hydrovolcanic rocks and back into 
subaqueous volcanic rocks with interbedded sedimentary 
rocks (Fig. 3) is evidence that the rocks of the Gagne 
Lake area were part of an anergent volcanic island 
{island arc?) built up an a platform of subaqueous 
volcanic rocks which subsided by volcan:::>-tectonic 
processes with continued eruptic:n (Williams and McBimey, 
1979; Fisher and Schmincke, 1984). 
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III. lMJRCYI'HERMAL ALTERATION 
INTRODUCTION 
The Gagne Lake prospect is a volc&le9enic-type massive 
sulfide deposit of sub-ore grade that is stratab:Jund 
within units of bedded and lapilli-rich tuffs. 
Mineralization at the main pit (LSOE, Plate 1) occurs in 
two stratifonn zones 10 to 20 an wide. Sulfide 
mineralization consists of sphalerite, pyrite, and 
chalcopyrite with associated galena and malachite. The 
two zones of mineralization are separated by 3 to 5 
meters of hydrothennally altered rock; contacts with the 
sulfides are gradational. 
Rocks at the Gagne Lake prospect have been variably 
altered by hydrothennal solutions. Hydrothennally altered 
rocks are here defined as thJse containing actinolite, 
chlorite, epidote, sericite, biotite or iron carbonate in 
m:xial abundances that are inconsistant with primary 
igneous or greenschist-arnphibolite facies metarrorphic 
minerals for the rock type altered. 
Distribution and geochemistry (mineralogy) of altered 
rocks is such that four distinct assemblages can be 
defined: a) a least altered rock assemblage, b) a 
sericite/biotite, chlorite and iron carbonate assemblage 
and c) an actinolite, chlorite, and epicbte assemblage, 
and d) dalrnatianite. Alteration assemblages .2_ and £ will 
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be referred to as the sericite or biotite and actinolite 
assemblages respectively. A spotted alteration, locally 
referred to as dalmatianite (Franklin et al., 1981), is 
present in the area of the prospect (Plate 2) • This 
alteration is characterized by a porphyroblastic 
("spotted") texture and is mineralogically ccmp:>sed of 
sericite, chlorite and iron carbonate. Alth::)ugh the 
mineralogy of the dalmatianite is similar to the sericite 
assemblage, the two have been separated on the basis of 
the porphy.roblastic texture and alteration geochemistry 
( 01apter IV) • 
GEX:METRY of ALTERATION ZONES 
Distribution of hydrothennally altered rocks in the 
study area is shown on plate 2 (back jacket) • The 
alteration assemblages form a concentric pipe-like 
alteration zone beneath the Gagne Lake prospect which 
becanes stratigraphically semi-conformable upwards within 
the bedded tuffs and lapilli tuf fs (Plate 2) • The 
alteration pipe consists of a c:x:>re of actin:)litic 
alteration that is enveloped by sericitic or biotiti9 
alteration. Within the bedded tuffs and lapilli tuffs, 
the stratigraphically conformable alteration consists of 
a zone of dalmatianite that is surrounded by sericitic 
alteration. Contacts between different alteration zones 
are gradational. 
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In addition to the alteration pipe, isolated patches 
of sericitic alteration occur stratigraphically below the 
Gagne Lake prospect within the rhyolite lava flows. 
ALTERATION ASSEMBLAGES 
Least Altered Assemblage 
Rocks considered to be least altered are those in 
which the mineralogy is predcminantly metanorphic or 
igneous in origin. Least altered felsic rocks are 
conposed of quartz, plagioclase (albite and andesine) and 
biotite with lesser am:runts of cordierite, sphene, 
magnetite and apatite. In the mafic rocks, hornblende, 
andesine, chlorite, epidote and sphene make up the 
metanorph:>sed sills and lava flows whereas augite, 
plagioclase, epidote, ilmenite, and chlorite occur in the 
gabbro. For nore detailed analyses, the reader is 
referred to chapter two of this study as the rock 
descriptions are based primarily on the least altered 
rocks. 
Sericite/Biotite Assemblage 
(sericite or biotite, chlorite, iron carbonate) 
This alteration assemblage is the nost widespread and 
occurs below the Gagne Lake prospect either enveloping 
the actin:::>litic alteration, to fonn the outer margins of 
the alteration pipe, or as patches of alteration within 
the rhyoli te lava flows. Within the bedded tuffs and 
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lapilli tuffs, sericitic alteration fonns a broad, 
semiconfonnable zone. In outcrop, sericitic alteration 
imparts a foliation and pale greenish-gray color to the 
rock. 
The mineralogy of this assemblage is dependant upon 
the rock type altered, but the alteration chemistry 
(Olapter IV) is, essentially, the same. In the felsic 
volcanic rocks, sericite is the daninant alteration 
mineral (10-45%) with lesser am::n..mts of chlorite (1-15%) 
and iron carl:x::mate (1-6%) (Fig. 21). In the tonalite 
sills and mafic lava flCM, biotite (15-40%) and chlorite 
(10-40%) are pred:::minant .giving these units a spilitized 
appearance while sericite (1-7%) is virtually absent 
(Fig. 22). Iron carbonate ccmprises 1 to 6% of the 
biotite-rich rocks. 
X-ray diffraction analysis indicates that the chlorite 
species varies in ccmposition frcrn penninite to ferroan 
clinochlore or possibly ripidolite (Berry, 1974; Switzer, 
1977) with the iron-rich species (ripidolite) occurring 
in the biotite-rich rocks. X-ray diffraction analysis 
also detected the presence of cordierite (<10%) in sane 
rhyolite lava flCM samples. Using .chemical staining 
techniques developed by Freidman (1959) and Evarny (1962), 
the iron carbonate species was detennined to be f erroan 
dolonite or ankerite. 
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Figure 21. Photomicrograph of sericitic alteration in 
arnygdaloidal rhyolite lava flow. Fine-grained 
matrix is intensely altered to sericite while 
phenocryst is altered along crystal edge only. 
Crossed polars, field of view 5x7rnrn. 
Figure 22. Photomicrograph of biotitic alteration in 
tonalite sill. Plane polarized light, field 
of view 5x7rnrn. 
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In felsic volcanics, sericite occurs as 
disseminations, in veinlets that may exhibit 
crenulations, or as a replacement mineral of plagioclase. 
The disseminated and veinlet sericite is subparallel to 
the flow banding or foliation. Biotite (10-15%) in 
sericite-rich rocks occurs as small clots or veinlets 
intergro.-m with chlorite or as a black "gnmge" of 
indistinguishable minerals. 
In the mafic rocks, biotite and chlorite occur as 
intergro.-m euhedral to fibrous grains or as veinlets 
subparallel to the bedding or foliation. Interstitial to 
the biotite and chlorite, clusters of fine-grained 
epidote (1-15%) occur. Sericite in biotite-rich rocks 
occurs disseminated through::lut, typically as a 
replacement of plagioclase. 
Quartz is ubiquitous to both sericite and biotite-rich 
rocks (Appendix I) and occurs as anhedral grains in the 
matrix or, in the felsic volcanics, as a phenocryst. 
Ferroan dolanite/ankerite is usually intergro.-m with 
masses of sericite or biotite and chlorite but 
pseudcrrorphs of iron carbonate after plagioclase and 
carbonate veinlets do occur. 
In thin section, the ferroan dolanite/ankerite is 
stained by a dark, nearly opaque brc:Mn material that is 
pervasive or controlled by the cleavage. This material is 
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interpreted to be a mixture of iron oxides and hydroxides 
(Groves, 1984). 
Sericitic alteration in felsic volcanics is 
preferential in nature. Within the bedded and 
lapilli-rich tuffs, the recrystallized ash-size matrix is 
intensely altered; lithic fragments are generally altered 
only along their edges whereas pumice fragments may be 
canpletely altered. In the rhyolite lava flCMS, the 
amygdaloidal portions of the flCM tend to be altered with 
nore intensity than massive portions. Except for iron 
carbonate pseud:m::>I:phs, plagioclase pherxx::rysts typically 
show only a slight alteration along crystal edges 
(usually sericitization), and quartz pherxx::rysts are 
unaltered. Biotitic alteration in the mafic rocks is 
pervasive. 
Actinolite Assemblage 
(actinolite, chlorite, epidote + iron carbonate) 
A zone of actinolitic alteration occurs belCM the 
Gagne Lake prospect, cross-cuts stratigraphy and fonns 
· · the core of the alteration pipe. Smaller patches of 
actinolite-rich rocks occur within the alteration pipe 
separated fran the main area of actinolitic alteration by 
sericite or biotite-rich rocks. These patches are 
confined to the felsic rocks (Plate 2) • In outcrop, 
actinolitic alteration imparts a black color to the fresh 
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surface of the .rock. 
Actinolite is the daninant mineral of this assemblage 
(Fig. 23) making up 15 to 45% of the rock. The actinolite 
is typically bladed but may also be acicular or fibrous 
in habit; canbinations exist in which larger grains 
(1.0-2.0 nm) of actinolite are bladed and display fibrous 
terminations. Interstitial to the actinolite is 
fine-grained, fibrous to massive chlorite (7-20%) that is 
camonly intergrown with biotite. X-ray analyses on 
samples fran different strata shcM that the chlorite 
species range in ccmposition fran ferroan clin::>chlore to 
ripidolite (Berry, 1974; Switzer, 1977). Ollorite is 
green and slightly pleochroic in thin section with a dark 
green to gray birefringence. Epidote is ubiquitous but 
not necessarily abundant (3-15%). It occurs as small 
(<1.0 nm) euhedral grains disseminated throug00ut the 
sample or in veinlets with chlorite. Iron carb::mate 
(0-4%) may be present as fine-grained (<1.0 nm), anhedral 
grains or in veinlets. 01emical staining using the 
techniques of Freidman (1958) and Evamy (1962) indicates · 
that the iron carb::mate may be ferroan dolanite or 
ankerite. 
When present, plagioclase (0-15%) occurs as subhedral 
laths (<1.5 nm) that are corroded on crystal edges and 
partially replaced by sericite and/or iron carb::mate. The 
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Figure 23. Photomicrograph of actinolitic alteration in 
tonalite sill. Bladed actinolite with quartz, 
chlorite and sphene. Plane polarized light, 
field of view Sx7rnrn. 
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am:runt of plagioclase is inversely proportional to the 
degree of hydrothermal alteration and occurs in altered 
tonalite sills only. 
Dalmatianite 
(sericite, chlorite, iron carl:XJnate) 
A small zone of dalmatianite is stratabound within the 
bedded tu£fs and lapilli tu£fs and outcrops arotmd the 
sulfide sh::Ming near LSOE (Plate 2) • The dalmatiani te is 
enveloped by the sericite assemblage and is centered 
above actin::>lite-rich rocks. Dalmatianite is recognized 
in outcrop by its p:>rphyroblastic texture in which the 
p:>rphyroblasts vary in size fran a few millimeters to 
approximately 1.0 an in diameter and are round to 
elliptical in shape (Fig. 24). 
The dalmatianite is not pervasive; instead, it occurs 
as subround to elongated patches up to a few meters in 
length that are foliated on two scales. First, the long 
dimensions of the dalmatianite patches tend to parallel 
bedding, and, second, the p:>rphyroblasts that constitute 
. -
the patches also display a weak pref erred orientation 
subparallel to bedding (Fig. 25). 
Mineralogically, the dalmatianite is similar to the 
sericite assemblage with sericite and chlorite present in 
subequal arrounts. The p:>rphyroblasts are canposed of 
fine-grained, massive sericite (80-90% of p:>rphyroblast) 
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Figure 24. Dalmatianite near Gagne Lake prospect. Lens 
cap .is 57rnm in diameter. 
Figure 25. Dalmatianite showing foliated nature of 
porphyroblasts. Bedded tuffs top to north 
(upper right) and bedding stikes east-west. 
Lens cap is 57mrn in diameter. 
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and quartz (10-20% of porphyroblast) that are surrounded 
by a matrix of massive chlorite (17-50%), quartz (8-40%) 
and sericite (8-15%) (Fig. 26) with lesser arrounts of 
biotite (2-12%), anthophyllite (1-3%), cordierite (0-5%) 
and trace arrounts of tourmaline. Ollorite pseudan::>rphs 
after anthophyllite are present within the matrix. 
The fonnation of dalmatianite is a metarrorphic effect 
that is produced when magnesium-rich chlorite and quartz 
are metarrorph:>sed to cordierite and anthophyllite at 
amph.il:XJlite facies conditions. The size and intensity of 
the are directly proportional to the 
original arrount of chlori te. (Franklin et al., 1981). 
Fonnation of cordierite and anthophyllite at the expense 
of chlorite and quartz during metarrorphism to 
produce dalmatianite at the Millenbach mine, Noranda, 
Quebec has been defined by the reaction: 
chlorite + quartz= 
cordierite + anthophyllite + H20 
for pressure and temperature conditions similar to those 
established for metarrorphism in the Gagne Lake area 
(Riverin and Hodgson, 1980). 
During retrograde metarrorphism, the cordierite 
:i;:orphyroblasts beccme pinnitized to the sericite and 
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Figure 26. Photomicrograph of dalmatianite. Original 
porphyroblast of cordierite (left) is now 
pinnitized to sericite and quartz and set in 
a matrix of chlorite, quartz and iron carbonate. 
Crossed polars, field of view 5x7rnrn. 
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quartz assemblage that is now present (Franklin et al. , 
1981). 
Besides dalmatianite, other interesting alteration 
effects are present in the area around the sulfide 
occurrence. M::>st dramatic of these is a pseudo or 
alteration breccia above the prospect in which clasts of 
weakly altered bedded tuff occur in a matrix of sericitic 
alteration. Abundant chlorite in the matrix gives the 
outcrop its black color (Fig. 27) • Alteration breccias 
fonn in situ as the hydrothennal solution progressively 
alters the rock outward fran the original fractures or 
penneable channels that it was migrating through (Nebel, 
1982). The anastcm:>sing nature of the hydrothennal 
solution as it passes through the rock causes fonnatian 
of the clasts in a matrix of altered material. Lateral to 
the breccia, the alteration is pervasive (Fig. 28) 
suggesting that the hydrothennal solution was originally 
focused at the discharge site (the prospect) and 
underwent increasing diffusion effects as it spread out 
laterally. 
Tounnaline (dravite) -bearing quartz veins (Fig. 29) 
occur near the sulfide mineralization. Smaller 
dravite-bearing quartz veins also outcrop near the 
sericitic alteration an L71E approximately 300 m I'X)rth of 
L50N. Rosettes (<5.0 nm in diameter) of dravite occur an 
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Figure 27. Pseudo (alteration) Relatively 
unaltered clasts of bedded tuff (tan) in a 
matrix of altered rock. Lens cap is 57mm in 
diameter. 
Figure 28. Pervasive alteration lateral to alteration 
breccia. Lens cap is 57mm in diameter. 
60 
Figure 29. Dravite-bearing quartz veins near Gagne Lake 
prospect. Lens cap is 52nun in diameter. 
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outcrops of the imnediate f ootwall rocks of the Gagne 
Lake prospect in close proximity to the sulfide 
mineralization. Although spatially associated with 
hydrothennally altered rocks, the actual relationship 
between the tourmaline and hydrothennal fluids that 




In order to determine chemical variations within 
hydrothe:rmally altered rocks of the Gagne Lake prospect 
and their least altered, stratigraphic equivalents, 68 
samples representing the various alteration assemblages 
defined in 01apter III were analyzed for major oxides, 10 
trace elements, H20 and by the Goological Sunrey 
of canada. Concentrations of Fe3+ were determined fran 
the equation: Fe2Q:3(actual)=Fe2Q:3(XRF)-l.11134Fe0 
(Osterberg, 1985) • Analytical results and meth:>ds used 
are listed in Appendix II, and locations of chemically 
analyzed samples are shown on Plate 2. 
MAJOR and TRACE ELEMENT GEDCHEMISTRY 
Wide variations exist in many of the major and trace 
element abundances for similar samples fran 
stratigraphically equivalent rock units. Table 1 shows 
the ranges of carq;nsitions for rock units of the study 
area. As a result of hydrothermal alteration, neither 
petrogenetic trends or chemical classifications for the 
rocks can be done accurately by means of standard 
petrochemical graphs such as AFM or Harker Variation 
diagrams. However, outcrops of arnygdaloidal rhyolite 
flows that were determined to be least altered are 
abundant enough to allow for sane ccmparisons to be made 
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Table 1. 
Variations in major oxide and trace elanent oontents for 
lithologic units in the study area, Fe*=total iron oontent. 
AT=beddeid tuffs and lapilli tuffs, RF=amygdaloidal rhyolite 
lava flows, QFP=quartz feldspar porphyry, TS=tonalite sills, 
MF=mafic lava flow, N=rruber of samples. Major elanents are 

























M RF QFP TS MF 
42.8-80.6 55.3-79.9 71.0-76.0 53.5-67.9 53.7-56.6 
9.3-19.6 10.6-13.7 11.4-13.3 14.1-15.7 13.8-14.6 
0.11-5.22 0.19-6.98 0.47-0.68 2.08-6.39 4.34-6.25 
0.27-11.9 0.16-6.93 0.64-1.34 0.68-6.65 3.41-6.92 
0.24-5.01 1.94-6.10 3.36-5.16 3.28-5.16 2.99-4.47 
1.11-6.37 1.31-5.62 1.39-4.06 0.32-2.15 0.51-1.15 
1.4D-13.1 0.68-8.84 3.49-5.17 6.16-11.6 8.83-12.4 
0.03-0.17 0.02-0.13 0.05-0.12 0.05-0.18 0.13-0.18 
0.23-1.45 0.15-0.78 0.32-0.33 0.68-1.74 0.79-1.51 
0.90-10.4 0.4Q-5.80 2.30-3.50 3.4D-7.90 6.20-9.30 
0.40-1.54 0.23-2.39 0.93-1.21 2.27-3.37 1.92-2.06 
0.60-6.50 0.20-1.90 O.S0-0.80 1.00-2.50 1.90-3.30 
0.01-0.25 0.01-0.79 0.03-0.08 0.01-1.50 0.01-1.00 
0.50-1600 1.00-23.0 2.00-25.0 1.00-33.0 21.0-41.0 
62-11000 31- 180 53- 140 49- 250 97- 130 
2- 150 ·2- 28 2- 20 2- 6 2- 6 
10- 40 10- 340 10- 20 10- 220 20- 340 
4Q- 320 4Q- 200 70- 150 60- 130 30- 50 
10- 210 10- 250 20- 30 70- 210 100- 290 
30- 150 10- 190 140 10- 90 10- 30 
13Q- 620 120- 400 650- 670 120- 460 100- 120 
10- 60 20- 60 30- 50 10- 30 10- 30 
330-1620 390-1270 380-1200 14Q- 540 190- 370 
21 19 4 18 5 
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between these units and other Archean rhyolite lava 
flows. 
In general, the rhyolite lava flows of the field area 
are deficient in iron, particularly Fe2+, magnesium, 
calcium, strontium, H20, and OOi and enriched in 
potassium and barium when canpared to other Archean 
rhyolites in the area (Jolly, 1977; Goodwin, 1972, 1977; 
Gelinas et al• I 1977) • 
Although these trends are similar to sericitic 
alteration (Riverin and Hodgson, 1980; Osterberg, 1985), 
low nodal abundances of serici te ( 0-8%) in the least 
altered rocks indicates that hydrothennal alteration was 
not entirely responsible for these chemical trends but 
probably had sane effect. 
MASS BALANCE CALOJLATIONS 
In order to detennine the changes in concentrations of 
canp:ments in hydrothennally altered rocks relative to 
their concentrations in least altered, stratigraphically 
equivalent rocks, mass balance calculations were cbne 
using the isocon metlxxl outlined by Grant ( 1986) • The 




l:J,.Ci=gain or loss in concentration of canponent 
.! . When b.Ci is positive, the ccmponent is 
gained during hydrothennal alteration; 
negative values indicate a loss. 
of altered (final) sample 
r+'=ref erence mass of original sample 
cl-=concentration of ccmponent i in altered 
I -
sample 
cG=concentration of ccmponent i in original 
I -
sample 
with roncentration terms in units of mass/mass. 
For each ccmponent, there is an equation of this form 
in which the ratio of equivalent masses before and after 
alteration ( r+> ;r--A) is constant. 
For irmobile ccmponents in which the change in 
concentration (A Ci) is equal to zero, r+> ;r--A can be 
determined by solving a set of simultaneous equations of 
the form: 
(2) 
The simultaneous equations can be solved graphically by 
plotting the analytical data cA against cO. The 
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imrobile elements generate a straight line through the 
origin with a slope of This line, for 
which =0, connects p:>ints of equal· geochemical 
concentration and is referred to as an isocon (Grant, 
1986; Gary et al., 1974). The isocon is defined by the 
equation: 
(3) 
and represented graphically by the best fit of a straight 
line through the origin and a series of data p:>ints 
defined by the ordered pairs (Fig. 30). 
Relative gains and losses of m:::>bile ccmponents are 
determined fran the displacements of representative data 
p:>ints for the ccmponents fran the reference isocon. 
Conponents plotting above the isocan are believed to be 
gained during alteration while i:h:)se plotting below are 
lost. To determine the change in concentration of a 
ccmponent relative to its concentration prior to 
hydrothermal alteration, both sides of eqation (1) are 
divided by d( and the result rearranged to yield: 
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Figure 30. Example plot of c0 versus CA for determination of gains 
and losses of components during alteration by the isocon 
method. The isocon is drawn through a near-linear array 
of data points, and gains and losses are determined from 
the displacement of a component's data point from the 
isocon. 
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equation ( 4) is then solved for to obtain the 
relative gain or loss of a particular canponent as a 
result of hydrothermal alteration (Grant, 1986). 
If a canponent is assumed to be constant during 
alteration, equation (4) can be written as: 
(5) 
with and representing the concentrations of the 
canponent assumed to be constant during alteration in the 
original and altered sample respectively. For example, if 
SiQi is assumed to be constant, then equation (5) would 
be written as: 
and fl Ci for the nobile ccmponents would be detennined 
fran the isocon defined by the origin and SiQi data 
i;:x::>int. This method is also applicable when a series of 
canponents plot in a near linear array through the origin 
but deviate fran the statistical, best-fit isocon. When 
such an array of data i;:x::>ints exists, then i:h:)se 
canponents can be considered imrobile and used -to define 
an isocon (Grant, 1986). 
Cllanges in mass resulting fran hydrothermal alteration 
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can be determined fran the slope of the chosen isocon. As 
stated previously, the slope of the isocon yields 
(e.g. 1.25) which is equivalent to 
and thus a mass decrease of 20% (Grant, 
1986). Olanges in mass determined this way can be used as 
an estimation of the volune change during alteration. 
For the purpose of this study, average values for the 
concentrations of canponents frcm a suite of altered 
samples for a particular rock type (CA) will be canpared 
to the average values for the a:::incentrations of 
canponents frcm a suite interpreted to be the least 
altered (original), stratigraphic equivalent (a>). Table 
2 sh::Ms the average values for each alteratian type used 
in mass balance calculations. Because alumina is 
typically considered iirrlobile during alteration (t-brton, 
pers. carm. ) , gains and losses of ccmponents were 
determined using equation ( 5) and assuming constant 
AJ.20:3· Since major elements are plotted as weight 
percent of the oxides and trace elements as parts per 
million, a scale factor ( shcMn on graphs) is used so that 
both can be represented on the same isocon graph with 
limited clustering of data points. 
ALTERATION GEXXEEMISTRY 
Sericitic or Biotitic Alteration 
Gains and losses of ccmponents during the f onnation of 
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Table 2. 
Average concentrations of canponents for alteration types 
used for mass balance calculations by means of the isocon 
method. Fe*=total iron content, AT=bedded tuffs and 
lapilli tuffs, RF=amygdaloidal rhyolite lava flows, 
QFP=quartz-feldspar porphyry, TS=tonalite sills, MF=mafic 
lava flow, N=number of samples. Major elements are given 

























Least Altered Zone 
AT RF QFP TS 
74.53 76.85 76.00 59.77 
11.90 11.92 11.70 14.46 
0.39 0.72 0.68 4.27 
1.67 0.34 0.68 4.40 
4.11 4.48 5.16 4.41 
2.35 3.06 1.39 0.91 
0.06 0.03 0.12 0.13 
0.29 0.16 0.32 0.80 
1.97 0.91 2.30 5.06 
1.13 0.86 0.93 2.67 
0.90 0.33 0.50 1.86 
0.01 0.04 0.01 0.02 
99.31 99.7 99.79 99.76 
3.32 1.87 3.49 8.30 
35 7 4 25 
79 62 53 149 
5 4 2 2 
33 16 20 126 
90 102 70 30 
27 58 30 156 
80 126 140 27 
290 321 670 236 
40 42 40 23 
690 802 380 263 
2 12 1 4 
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Table 2. continued 
Sericite/biotite Alteration Zone 
AT RF QFP TS MF 
74.05 76.33 73.15 63.65 55.07 
A1203 11.0 11.93 12.35 13.35 14.17 
cao 1.03 0.49 0.70 3.44 4.77 
Mg() 2.01 0.44 0.99 2.10 3.94 
Na20 1.48 3.69 3.98 4.00 3.75 
K20 3.57 3.91 2.95 1.66 0.94 
MnO 0.05 0.03 0.06 0.11 0.17 
0.25 0.16 0.32 0.94 1.49 
FeO 1.77 1.11 3.15 5.75 8.70 
Fe2();3 1.09 0.69 2.39 2.05 2.56 
H20 1.10 0.40 0.75 1.37 2.63 
mi 0.06 0 . 14 0.06 0.52 0.42 
Total 97.46 99.32 98.46 94.48 99.58 
Fe* 3.06 1.94 4.68 8.45 12.23 
Cu 130 10 14 17 23 
Zn 945 57 113 155 123 
Pb 22 7 2 3 5 
Cr 10 13 15 35 20 
Rb 189 120 110 70 47 
Sr 80 22 20 140 173 
y 107 118 140 60 10 
Zr 329 318 655 327 116 
Nb 45 41 40 27 20 
Ba 816 928 910 460 307 
N 16 6 3 6 4 
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Table 2. continued 
Actinolite Alteration Zone and Dalmatianite (ATD) 
RF TS MF ATD 
Si Oz 55.30 59.64 55.30 58.53 
Al20:3 13.60 13.88 14.60 15.15 
cao 6.98 4.77 5.28 1.45 
MgO 6.93 4.13 6.92 6.42 
Na2o 2.50 4.17 3.47 0.84 
K20 1.31 1.11 0.51 2.43 
MnO 0.13 0.13 0.15 0.12 
Ti Oz 0.78 1.22 0.79 1.07 
FeO 5.80 5.56 6.20 6.65 
Fe20:3 2.39 2.35 1.94 1.63 
H20 1.90 1.60 3.10 4.12 
mi 0.02 0.10 0.91 0.04 
Total 97.64 98.66 99.17 98.45 
Fe* 8.84 8.53 8.83 9.02 
Cu 22 8 41 9 
Zn 87 89 97 215 
Pb 8 3 2 7 
Cr 340 98 340 25 
Rb 60 56 30 112 
Sr 220 148 200 53 
y 10 19 10 58 
Zr 120 180 110 302 
Nb 20 25 10 27 
Ba 390 304 200 720 
N 1 8 1 3 
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sericite/biotite-rich rocks were dete:anined by ccmparing 
least altered amygdaloidal rhyolite flow, quartz-feldspar 
porphyry ( QFP), bedded tuf f, lapilli tuff and tonali te 
samples with their altered, stratigraphic equivalents. 
Figures 31 and 32 are isocon graphs for respective rock 
types and Table 3 SUl111larizes the alteration trends. 
Gains and losses of canponents during f onnation of 
biotitic alteration of the mafic lava flow could not be 
calculated since least altered, stratigraphic equivalents 
were not exsposed in the field area. 
Changes in mass during alteration determined fran the 
isocons range f ran a mass increase of 9% for the bedded 
tuf fs and lapilli tuffs to a mass decrease of 9% in the 
tonalite sills indicating that alteration occurred at 
near constant volume. 
For the fonnation of sericite in the felsic volcanic 
rocks SiOi, TiOi, and Nb consistantly plot near the 
isocon indicating these canponents were relatively 
imn::>bile during sericitization. 
K20, Rb, Ba, M:;P, cx:>i, and H20 con:sistently 
plot as ccmponents gained during sericitization. Rb is 
believed to have substituted for in sericite. 
Na20, CaO and Cr plot as canponents lost during 
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Figure 31 . Isocon plots comparing least altered to sericite-
rich rocks for QFP (top) and bedded tuffs and 
lapilli tuffs. Gains and losses of components are 
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Figure 32. Isocon plots comparing least altered to sericite-
rich rocks for amygdaloidal rhyolite lava flows 
(top) and biotite-rich rocks for tonalite sills. 
Gains and losses of components are listed in Table 3. 
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Table 3. 
Gains and losses of canp::ments (6 Ci) during fonnation 
of sericitic alteration. QFP=quartz-feldspar po:rphyry, 
AT=bedded tuffs and lapilli tuffs, RF=arnygdaloidal 
rhyolite lava flows, TS=tonalite sills, Fe*=total iron, 
N1=number of least altered samples, N2=number of 
serici te-rich samples and 6 M=change in mass. Al 20:3 
assumed constant during alteration, A Ci is multiplied 
by 100 and read as a percent gain or loss relative to 
concentration in original (least altered) samples. Major 









































































































































Formation of sericite-rich rocks is typically 
attributed to the breakdc:Mn of plagioclase feldspar by 
base leaching reactions during alteration ( Ri verin and 
Hodgson, 1980; M:>rton and Nebel, 1984; Osterberg, 1985). 
Plagioclase species in least altered felsic volcanics 
were determined to be albite (groundmass) and andesine 
( phenoc:rysts). M:>rton and Nebel ( 1984) define the 
breakdc:Mn of albite to fonn sericite by the reaction: 
albite 
NaA1Si309 + + 0.67Ji+ = 
sericite quartz 
0.33KA13Si301o(OH)2 + 2SiQi + Na+ 
While sericitization of andesine can occur by the 
reaction: 
andesine 
Cao.5Nao.sA11.ssi2.so9 + Ir°= 
sericite quartz 
0.50KA13Si301o(OH)2 + SiQi + 
o.5Na+ + o.sca2+ 
Addition of MgO to the rocks during alteration 
resulted in the fonnation of the magnesian chlorites 
(penninite, ferroan clin:>chlore) detennined by X-ray 




that chlorite can develop as a result of destruction of 
albite tl"i.at was not converted to sericite by the 
reaction: 
albite 
NaA1Si30a + 2.5(Mg, Fe)2+ + 
quartz 
0.32Si0z + 7.63Hz0= 
chlorite 
0.5(Mg, Fe)sA12Si301o(OH)a + 4lJ+ + 
l.82H4Si04 + Na+. 
(9) 
The intergrown nature of chlorite and biotite obsei:ved in 
thin sections of altered rocks and the presence of 
biotite least altered samples suggests that chlorite 
may also have fonned as a replacement of biotite. As an 
example, a hypothetical, iron-rich biotite can alter to a 
hypothetical, magnesium-rich chlorite by the reaction: 
biotite + 
KMgFezA1Si301o(OH)2 + Mg2+ + 2H = 
chlorite 
o.SMg4Fe1Al2si3o1o<OH>a + + 
quartz 
l.5Si0z + l.5Fe2+. 
(10) 
The chlori te canposi tion in this reaction (Phillips and 
Griffen, 1981) is similar to canpositions of chlorites in 
the sericitic alteration zone as detennined by X-ray 
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diffraction analyses. 
Addition of and FeO to the rocks resulted in the 
fo:rmation of feroan dolanite or ankerite. Loss of calcium 
during alteration suggests that iron carl:.xmates may have 
fonned as a replacement of preexisting, diagenetic 
calcite. 
Within the tonalite sills, addition of potassium and 
iron resulted in the formation of biotite rather than 
sericite. Olemically the rrcst significant difference 
between the sericite and biotite alteration is the loss 
of significant arrounts of water during the formation of 
biotite. 
Biotite can also fonn fran the alteration of andesine, 
by the reaction: 
andesine 
cao.sNao.sAJ.1.sSi2.s08 + l.5I(+ + 
4.5(Mg, Fe)2+ + 3H4Si04= 
biotite 
l.5K(Mg,Fe);3A1Si3o10<0H>2 + o.sca2+ + 
quartz 
0.5Na + SiD2 + 9W. 
(11) 
The intergrown nature of chl.orite and biotite suggests 
that chl.orite in this assemblage may represent a 
metarrorphic mineral that fonned at the expense of biotite 
by a reaction similar to reaction (10). 
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Because a least altered, stratigraphic equivalent is 
not exposed in the map area, mass balance analysis for 
the fonnation of biotite in the mafic lava flow was not 
p:>ssible. However, it is reasonable to assume that 
biotite may have fonned fran the breakdown of plagioclase 
at least as calcic as andesine. 
Actinolitic Alteration 
Spatial distribution of the alteration zones indicates 
that the actinolite-rich rocks crosscut and, therefore, 
fonned at the expense of sericite-rich and biotite-rich 
rocks. In order to analyze geochemical trends associated· 
with the fonnation of actinolitic alteration, mass 
balance canputations were done by a:mparing sericitized 
samples fran amygdaloidal rhyolite lava flows, and 
biotite-rich samples fran the tonalites and the mafic 
lava flow with their actinolite-rich, stratigraphic 
equivalents. Figures 33 and 34 represent isooon graphs 
for actinolitic alteration, and alteration trends are 
sunmarized in Table 4. 
Mass changes detennined f ran the isocans range f ran a 
mass decrease of 2.9% for the mafic lava flow to a mass 
decrease of 12.3% for the rhyolite lava flows indicating 
that a small volume loss may have occurred during 
alteration. 
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Figure 33. Isocon plots comparing rocks to 
actinolite-rich rocks for the mafic lava flow (top) 
and tonalite sills. Gains and losses of components are 
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Figure 34. Isocon plots comparing sericite-rich rocks to 
actinolite-rich rocks for amygdaloidal rhyolite lava 
flows (top) and to dalmatianite for bedded tuff s and 
lapilli tuffs. Gains and losses of components are 
given in Table 4. 
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Table 4. 
Gains and losses of canponents (,/).Ci) during formation 
of actinoli tic alteration in rnafic lava flow (MF), 
tonalite sills (TS), and arnygdaloidal rhyolite lava flows 
(RF), and formation of dalrnatianite in bedded tuffs and 
lapilli tuffs (AT). Ni of serici te-rich 
(original) samples, Nz=number of actinolite-rich or 
dalrnatiani te samples, /) M-change in mass during 
alteration. Al2D3 assumed constant during 
alteration, 6 Ci is multiplied by 100 and read as a 
percent gain or loss relative to concentration in 
original (least altered) samples. Major elements are 
given in weight percent, trace elements in ppn. 
MF TS RF AT 
Si Oz -0.03 -0.10 -0.39 -0.43 
AlzD3 0.00 0.00 0.00 0.00 cao 0.07 0.33 11.50 0.02 
M:30 0.07 0.89 12.82 1.32 
Na2o -0.10 0.00 -0.41 -0.59 
K2 -0.47 -0.36 -0.71 -0.51 . 
Fe* -0.30 -0.03 3.00 1.41 
MnO -0.14 0.14 2.80 0.74 
Ti Oz -0.49 0.25 3.28 2.11 
FeO -0.31 -0.07 "3.58 1.73 
FezD3 -0.26 0.10 2.04 0.09 
HzO 0.41 0.12 3.17 1.72 
CX>z 1.10 -0.82 -0.87 -0.49 
Cu 0.73 -0.53 0.88 -0.95 
Zn -0.24 -0.45 0.33 -0.83 
Pb 0.58 0.06 0.00 -0.79 
Cr 15.50 1.69 21.94 0.13 
Rb -0.38 -:0.23 -0.56 -0.57 
Sr 0.12 0.02 7.77 
y -0.03 -0.70 -0.93 -0.61 
Zr -0.08 -0.47 -0.67 -0.33 
Nb -0.51 -0.11 -0.57 -0.56 
Ba -0.37 -0.36 -0.63 -0.36 
llM -2.9% -3.85% -12.3% -27.5% 
N1 4 6 6 16 
Nz 1 8 1 3 
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indicating that these ccmponents, along with Al2C>_3, 
were relatively imrobile during formation of 
actinolite-rich rocks. 
The rrost striking geochemical trend is addition of 
large arrounts of cao, as well as Mg(), Fe20J and H20 
with or without FeO and loss of K20 and Rb. This is 
attributed to the formation of actinolite at the expense 
of sericite and biotite by base fixing reactions. Cr is 
also added during alteration and assumed to substitute 
for Fe2+ and M;2+ in actinolite and Fe3+ in 
magnetite. CDi loss is attributed to decarbonization 
during alteration and/or metarrorphism and represented in 
thin section by the virtual absence of iron carbonate in 
actinolite-rich rocks. SiQi, Na20, Zr( Ba, and Y 
typically plot as ccmponents lost whereas TiQi and Sr 
plot as ccmponents gained. 
During hydrothe:rmal alteration, actinolite and epidote 
can form directly fran sericite by the reaction: 
sericite 
KA13Si3010COH)2 + S(MJ, Fe)2+ + sca2+ + 
quartz 
l.5Fe3+ + 9.5SiQi + 12.5H20= 
actinolite 
ca2CM;, Fe)5Si90i2(0H)2 + 
epidote 
l.Sca2Al2FeSi3012(0H) + + 23.sW. 
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(12) 
or fran biotite by the reaction: 
biotite 
K(Mg,Fe)3A1Si301o(OH)2 + 2.2ca2+ + 
quartz 
0.5Fe3+ + 3.3SiQi + 2.3H20 = 
actinolite 
0.6ca2(Mg, Fe)5Si9Qi2(0H)2 + 
epidote 
0.5ca2Al2FeSi3012(0H) + + 4.9W 
(13) 
Fran the isocon graphs it is readily perceived that 
total iron as either Fe203 or FeO is n:::>t necessarilly 
gained in large quantities and may actually be lost 
during alteration. Canbined with the weak pleochroisn of 
the actin:::>lite observed in thin section, these 
geochemical trends indicate that the actinolite is a 
lav-iron variety near the ccrcp:>sition of the trem:::>lite 
trenolite-ferroactinolite solid solution series. 
Addition of MgO and FeO resulted in the formation of 
chlorite. Ollorite can fonn at the expense of sericite, 
possibly by the reaction: 
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sericite 
KA13Si301o(OH)2 + 7.5(Fe, M;J)2+ + 
quartz 
1.5SiQi + l2H20= 
chlorite 
1.5{M;J, Fe)sAJ.2Si301o(OH)a + + 141-f+. 
01lorite could have fonned fran biotite by a reaction 
similar to reaction (9). 
Dalmatianite 
(14) 
Field relationships indicate that dalmatianite fonned 
at the expense of the sericite-rich bedded tuffs and 
lapilli tuffs. To determine geochemical trends for the 
fonnation of dalmatianite, sericitized bedded tuffs and 
lapilli tuffs were canpared with stratigraphically 
equivalent dalmatianite samples to produce an isocon 
graph (Fig. 34) • Alteration trends are Slmtllarized in 
Table 4. 
A mass decrease of 27.5% determined fran the isocon 
indicates that, canpared to the other alteration types, a 
relatively large volume decrease occun:ed during the 
fonnation of dalmatianite. 
Cr and cao plot near the isocon and are considered to 
be relatively i.nnobile during alteration. 
Major geochemical trends are the addition of MgO, Fe* 
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SiOz and a:>i are lost. Na20, Y, and Nb are also 
lost whereas TiQi is gained. 
Dalmatianite is believed to have formed at the 
expense of sericite-rich rocks. Because dalmatianite also 
forms fran prograde metanorphism of chloritic alteration 
(Franklin et al., 1981), it is reasoned that the 
additions of M:;JO, Fe* and H20 represent the formation 
of an initial chlorite-rich alteration zone metanorph:Jsed 
to dalmatianite (anthophyllite and cordierite). 
Ollorite could have formed at the expense of sericite 
as defined by equation ( 14) or by the breakd:Mn of albi te 
that was not converted to sericite during alteration as 
defined by equation ( 9). Subsequent prograde metanorphism 
to the greenschist-amphibolite transition facies formed 
the dalmatiani te by the reaction given in 018.pter III. 
M:;JO and FeO not partitioned into chlorite can be 
acccmnadated with cao in the fen:uginous 
dolanite/ankerite present in this alteration zone. 
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V. ALTERATION M:>DEL 
Hydrothermal alteration associated with the fonnation 
of volcanogenic-type massive sulfide dep:>sits results 
f ran the interaction of hydrothermal solutions 
circulating in a geothermal system (Franklin et al. , 
1981). A heat source at depth, such as a subvolcanic 
pluton, is thought to drive the convective circulation of 
the fluids through permeable rocks and along fracture 
systems by establishing a steep temperature gradient 
(Franklin and Th:>rpe, 1982; Reed, 1984). Isotopic studies 
(Hutchinson, 1982) indicate that the fluids are of sea 
water origin, but contributions fran connate and magmatic 
sources cannot be excluded (Franklin et al., 1981). 
By canbining the above characteristics with the 
mineralogy, chemistry and distribution of the alteration 
zones, a geothermal system capable of producing the 
alteration at the Gagne Lake prospect can be 
reconstructed. 
A heat source at depth, probably related to volcanism, 
initiated convective circulation of sea water througrout 
the volcanic succession of the Fort Frances-Mine Centre 
area. At shallCM depths (<2 km), circulating sea water 
v.Quld react with felsic volcanic rocks in the upper 
p:>rtion of the volcanic succession. 01emical reactions 
between heated ( 200-300 oC) sea water and rhyoli tic 
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volcanic rocks on the descending limb of the convection 
system would result in the addition of magnesit.nn and 
sodit.nn to the rocks while the solution would evolve into 
an acidic brine enriched in potassit.nn, iron and 
possibly calcit.nn. pH of the fluid decreases as magnesit.nn 
is withdrawn as Mg(OH)z generating rr+ (Hajash and 
01.andler, 1981; Dickson, 1977; M:Jttl, 1983)). Additions 
of calcit.nn to solution are balanced by precipitation of 
anhydrite; therefore, a net gain of calcit.nn need n::>t 
occur (Hajash and 01.andler, 1981; Dickson, 1977; M:Jttl, 
1983). Al though sea water bea:mes depleted in magnesit.nn 
during these chemical reactions, substantial am:n.mts can 
remain in solution at sufficiently high water/rock ratios 
(Hajash and 01.andler, 1981). 
In the proposed rrodel, d::Mnward circulation of sea 
water occurred predcminantly outside the field area, 
perhaps on a scale of kilaneters, and left the rocks 
enriched in magnesit.nn and sodit.nn and depleted in 
potassit.nn. Havever, magnesit.nn chlorites in least .altered 
rocks in the field area may represent early alteration by 
the descending limb of a convection system (M:Jttl, 1983). 
With continued heating, the acidic, potassit.nn-enriched 
brine would buoyantly ascend along fractures and 
permeable strata into overlying, relatively unaltered 
felsic volcanics including rocks of the study area. 
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Olemi.cal reactions between the ascending fluid and rocks 
in the study area caused the breakdown of plagioclase to 
fonn seicite, biotite, quartz and possibly chlorite, and 
the breakdown of biotite to fonn chlorite and quartz by 
addition of potassium and min::>r magnesium to and leaching 
of sodium and calcium frcm the rocks (Fig. 35) • Addition 
of magnesium to the rocks indicates that water/rock 
reactions on the descending limb occurred at high 
water/rock ratios (Hajash and Olandler, 1981). 
Decrease in hydrostatic pressure with ascent would 
also decrease the solubility of carbon dioxide, possibly 
by boiling, and cause the precipitation of ferroan 
dolanite/ankerite within the sericite ahd biotite 
alteration zones (Nebel, 1982; Holland and Malinin, 
1979). 
Fonnation of sericite, biotite and chlorite would 
decrease the porosity and permeability of the altered 
rocks resulting in the fonnation of a cap rock over part 
of the geothennal system (Riverin and Hodgson, 1980). 
Underlying the felsic succession are subaqueous, 
pillaved and brecciated intermediate and maf ic volcanics 
(Poulsen, 1981). Being brecciated, these units may have 
served as a reservoir for oonnate sea water. Evolved 
solutions of sea water origin circulating through deeper 
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Figure 35. Diagramatic cross section of volcanic succession showing 
development of sericite/biotite alteration zones by convective 
circulation of sea water at shallow and moderate depths through 
felsic volcanic rocks. Chemical changes (i . e. +K) reflect 
changes in rock chemistry during hydrothermal alteration. 
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with this connate sea water and the resulting fluid would 
chemically react with the mafic and intennediate volcanic 
rocks. Reactions between these deep circulating fluids 
and volcanic rocks would have occurred at lCM to rroderate 
water/rock ratios since much of the fluid would have been 
tapped off in upper portions of the system at depths less 
than 3 km (Osterberg, 1985). 
For andesites and basalts, sea water-rock reactions at 
lCM to rroderate water/rock ratios result in the addition 
of magnesium to the rock ii1 exchange for calcium as 
primary minerals are converted to various magnesium 
silicates (i.e. smectite, actin:>lite). Solution pH during 
reaction is acidic to neutral (Seyfried and Bisch::>ff, 
1981; Hajash and 01andler, 1981; Seyfried and Mottl, 
1982). Over a temperature range of 150 to 350 CC and 
rroderate (10-50) water/rock ratios, solution pH is 
slightly acidic (3-6) and buffered by silicate hydrolysis 
reactions (Seyfried and Bisch::>ff, 1977; Seyfried and 
Mottl, 1982) • Under these conditions, substantial 
magnesium remains in the calcium-enriched solution, 
particularly at intennediate stages of reaction, and 
heavy metal content is typically lCM since solution pH is 
too high and temperature too lCM to efficiently leach 
base metals fran the rocks at the noderate water/rock 
ratios (Seyfried and Bisch::>ff, 1977; Seyfried and Mottl, 
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1982). 
With deeper circulation, the water/rock ratio would 
decrease as Irore fluid is tapped off in upper portions of 
the system. Under these rock-daninated conditions, Irost 
of the magnesium and calcium in solution would be lost to 
the surrounding rocks resulting in a fluid enriched in 
iron, manganese and base metals (Seyfried and Bisch:>ff, 
1977, 1981). 
Olemical changes in the rocks of the field area 
indicate that the fluids were enriched in calcium and 
magnesium; therefore, in the proposed Irodel, water-rock 
interactions between the hydrothennal fluids and maf ic 
rocks took place at low to Iroderate water/rock ratios, 
Iroderate te.mperatures (150-350 CC) and shallow 
circulation depths. Under these conditions, the pH of the 
solution \«)uld have been ta:::> high and te.mperature ta:::> low 
to efficiently leach base metals fran the rod<..s. 
This calcium-enriched solution would have buoyantly 
risen with continued heating until it encountered the .cap 
rock of sericite/biotite alteration. Increasing 
hydrostatic pressure below the cap rock caused fracturing 
to occur that released the solution. This fluid reacted 
with the sericite and biotite alteration zones to produce 
the acti.n:>lite alteration zone by the addition of 
calcium, magnesium and iron to and leaching of potassium 
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fran the rocks. Decreasing hydrostatic pressure with 
ascent, mixing with relatively cold sea water and 
:possibly boiling caused base metals in solution to beccme 
insoluble and precipitate with the alteration phases or 
as sulfides. At or near the sea water-rock interface, 
precipitation of base metals as sulfides fonned the Gagne 
Lake prospect (Fig 36) • Two hypotheses can account for 
the lCM abundance of base metal sulfides at the Gagne 
Lake prospect. First, the base metal content of the 
hydrothermal fluids may have been lCM because conditions 
of water-rock interactions (high pH, lCM temperature) 
deeper in the system inhibited the leaching of base 
metals fran the rocks. Secondly, boiling of the solution 
as pressure decreased with ascent could have caused the 
"dt.mlping" of base metals over a wide area as disseminated 
sulfides in the subsurface. This process may be reflected 
in the high zinc and copper values in the rocks (Appendix 
II). 
Near the sea water-rock interface, the rising 
solution, rDN depleted in calcium and magnesium fran the 
formation of actinolite and chlorite lower in the system, 
mixed with connate sea water in the bedded tuffs and 
lapilli tuf fs and sea water drawn down into the system 
along· discharge zones. Olemi.cal reactions between this 
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Figure 36. Diagramatic cross section of volcanic succession showing 
development of actinolite alteration zone and dalmatianite 
at expense of sericite/biotite alteration zones by convective · 
circulation of evolved sea water through maf ic and intermediate 
volcanic rocks at depth and draw down of sea water into the 
system near the water-rock interface. Changes in chemistry 
(i.e. +Ca) reflect changes in rock chemistry during hydrothermal 
alteration. 
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the fonnatian of a magnesiun chlorite and quartz 
alteration zone at the expense of sericite-rich rocks. 
This alteration zone became dalmatianite during prograde 
metarrorphism (Fig. 36). 
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VI. SUMMARY and CDNCLUSIONS 
The volcanic stratigraphy of the Gagne Lake area 
consists of f elsic lava flCMS and pyroclastic rocks 
interlayered with a much lesser volume of mafic lava 
flCMS and volcaniclastic rock. 
Rhyolite lava flCMS dcminate the lCMer portion of the 
stratigraphy. These units ccmpose 70-80% of the volcanic 
succession and may be up to 400 rn thick. Typically 
amygdaloidal and spherulitic, individual rhyolite lava 
flCMS may be porphyritic and/or flCM banded. 
Field evidence and petrographic studies indicate that 
these rllyolite lava flCMS and an overlying, porphyritic 
mafic lava flCM were deposited under subaerial 
conditions. 
A package of f elsic bedded tuf fs and lapilli tuf f s 
overlie these subaerial lava flCMS and are the host rock 
for the Gagne Lake prospect. The lapilli tuffs are 
nonnal.ly graded with lapilli forming fran 3 to 50% of an 
individual bed. Eastward the lapilli tuffs pass into 
bedded tuffs that are virtually fragment free. Large (>64 
rnn) fragments occur near the base of the pyroclastic rock 
and phen:x:::cysts of quartz and plagioclase occur locally. 
Lapilli are predaninantly siliceous, possibly juvenile, 
fragments, but pumice fragments occur locally in minor 
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arrounts. 
The bedding and grain-size characteristics of these 
units are characteristic of tuff rings formed by 
explosive hydrovolcanic eruptions under lCM water/magma 
conditions. The presence of volcaocigenic-type massive 
sulfide mineralization within the tuffs indicates that 
the tuff ring was, in part, deposited under subaqueous 
conditions. 
Overlying the bedded tuf fs and lapilli tuf fs are a 
porphyritic mafic lava flCM and chlorite-rich bedded 
tuff. Similarities between the bedded tuff and 
volcaniclastic sediments, and the presence of the Gagne 
Lake prospect stratigraphically belCM these units 
suggests that they were deposited under subaqueous 
conditions and that the tuff may be sedimentary rather 
than pyroclastic. 
The volcanic sequence has been intruded by tonalitic 
and maf ic sills that range in time of emplacement fran 
prior to hydrothermal alteration to after emplacement of 
the Little ottertail Lake Stock. 
Intrusion of the Little ottertail Lake Stock has 
metarrorpfx:>sed the rocks to the greenschist-:amphibolite 
transition facies, and the entire sequence is part of a 
dextral wrench zone resulting fran right-lateral novement 
on the Quetico and Seine River-Rainy Lake Faults. 
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Prior to be:ing metamorphosed, rocks of the Gagne Lake 
prospect were hydrothe:anally altered. Petrographic and 
chemical analyses allCM for the definition of four 
distinct alteration assemblages. A least altered 
assemblage, defined as th:>se rocks canposed of minerals 
that are primarily igneous or metarrorphic in origin, a 
sericite/biotite-chlorite-iron carbonate assemblage, an 
actinolite-chlorite-epidote assemblage and da.lrnatianite 
which consists of sericite, chlorite, and iron carbonate 
but separated frcm the previously mentioned alteration 
assemblage by its porphyroblastic texture. 
The alteration assemblages occur in a ·concentrically 
zoned alteration pipe belCM the Gagne Lake prospect that 
becanes semi-confonnable to stratigraphy within the 
bedded tuffs and lapilli tuffs. The alteration pipe 
consists of a core of actin:>lite alteration that is 
enveloped by sericite or biotite alteration. The 
semi-confonnable alteration zone consists of da.lrnatianite 
surrounded by sericitic alteration. 
Enveloping the Gagne Lake prospect is a zone of 
da.lrnatianite that is similar in mineralogy to sericitic 
.alteration but separated into a different alteration zone 
on the basis of its porphyroblastic texture and 
alteration geochemistry. 
Olemically, the sericite/biotite alteration is defined 
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by the addition of potassium, nibidium and magnesium to 
and loss of sodium and calcium fran the rocks. These 
chemical trends are attributed to the f onnation of 
sericite and biotite at the expense of plagioclase and 
the fonnation of magnesium chlorites at the expense 
biotite and/or plagioclase. 
The mineralogy of this assemblage depends upon the 
rock type altered. In felsic volcanic rocks, sericite is 
predaninant while biotite and chlorite predcminate in the 
tonalite sills and mafic lava flow. Similar distribution 
and alteration geochemistry of these alteration zones 
indicates that the bulk chemistry of the rock being 
altered controled the mineralogy. 
Actinolite alteration is defined by the addition of 
calcium, magnesium and iron to and loss of potassium fran 
the rocks. Based on cross-cutting relationships, these 
chemical trends are attributed to the f onnation of 
actinolite, iron chlorites and epicbte at the expense of 
pre-existing sericite/biotite alteration. 
Dalmatianite is characterized by the addition of 
magnesium to and loss of potassium fran the rocks. These 
trends resulted in the fonnation of a magnesium chlorite 
and quartz alteration zone at the expense of sericitic 
alteration that became dalmatianite during prograde 
metarrorphism. 
101 
Hydrothermal alteration resulted fran the circulation of 
sea, and possibly connate, water through the rocks in a 
convection cell driven by a heat source at depth. 
Shallow-circulating water reacted with felsic rocks in 
the region at noderate to high water/rock ratios and 
noderate (200-300 CC) temperatures. On the d:Mnwelling 
limb of the convection cell, the water reacted with 
felsic. rocks and evolved into a potassium-rich, acidic 
(pH<5) solution depleted in magnesium and sodium. With 
ascent, this solution encountered rocks of the study 
area. Base-leaching reactions between the solution and 
rocks produced the sericite/biotite alteration. 
Deeper-circulating solutions encountered mafic rocks. 
Reactions between the solution and mafic rocks occurred 
at noderate to low water/rock ratios and noderate 
(150-350 CC) temperatures and resulted in the addition 
of magnesium to and loss of calcium, iron and base metals 
fran the rocks. Conditions of the reactions were such 
that substantial magnesium was left in solution. pH of 
the solution would have been acidic but near neutrality 
and base metal content low. 
With ascent this calcium-enriched solution would have 
encountered the previously altered rocks of the study 
area. Base-fixing reactions between the fluid and the 
rocks resulted in the fonnation of actin:>lite, iron 
102 
chlorites and epidote at the expense of sericite, 
biotite, and magnesium chlorites. 
During fonnation of actirnlite alteration, sea water 
drawn down into the system along discharge sites 
replenished the solution in magnesium. Reactions between 
this solution and sericitized hyalotuffs resulted in the 
fonnation of a magnesium chlorite-quartz alteration 
assemblage that became dalrnatianite during prograde 
metarrorphism. 
At or near the sea water-rock interface, base metals 
precipitated out of solution to form the Gagne Lake 
prospect. The sub-ore grade of the deposit is th::>Ught to 
be the result of low base metal content of the solution 
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Appendix I: · Textures and M:x:les of Rock Uni ts 
The follc:Ming tables represent nodal canp::>sitions and 
textures seen in thin section and outcrop of each 
lithologic unit in the study area. 
Minerals Abbreviations 
Quartz QTZ 
Plagioclase ( andesine) PLG 
Reaystalized matrix material QPC 






Actinoli te ACT 















Dalmatiani te D 
Fragrnental · 
. 1) Pumicious fragments PF 
2) Silicious fragments SF 
Poikiloblastic PK 
All metamrphosed rocks are slightly foliated, and f elsic 
metavolcanics diplay bedding. M:x:la1 values listed in the 
follc:Ming tables are given in percent ( % ) • 
A-1 
Table S. Modal Compositions of Pyroclastic Rocks 
Hyalotuffs 
PHENOCRYSTS 
T.S.# TEXTURES FRG QTZ PLG QPC QTZ BIO CHL SER CARB SPH SUL MAG OTHER 
lA D 60 10 17 12 Tr 1 
lB 80 8 7 s Tr 
2A p 2 S7 20 s lS 1 Tr 
2B 6S 2S s s Tr Tr Zr 
2C p 1 84 s 10 Tr TrTOUR 
3 D 80 2 3 10 
4A 70 3 lS 10 1 TrANTH 
4B D 2S 2 2S 40 1 4 1 2ANTH 
4C D SS 20 10 10 s 1 Tr 
SB D lS 2 4S 3S Tr 3 Tr TrANTH 
6 60 3 7 30 Tr 
7 p 3 70 lS 2 10 Tr 
8 p 8 s 47 2S lS 
3 LF 2 7S lS 3 s Tr 
lS P, PK,LF 10 s 2 20 6 20 33 2 Tr 2 TrTOUR,TrAP 
!!" 16 P,LF,PF 7 3 40 10 3 33 1 Tr I 
N 17 LF 8 S6 12 20 1 3EPI 
19 LF 1 48 20 30 Tr Tr lEPI 
24 P,LF s 1 60 s 2 22 3 1 
26 LF 1 80 1 4 10 1 1 lEPI 
46FR LF,P 30 1 30 2S 2 10 2 
68 6S 2S 10 Tr Tr 
71B 79 12 8 lEPI 
7S D,LF 1 65 s lS s 8 Tr 1 
81A 48 21 4 12 4 1 1 9EPI 
83B D 2S 10 10 30 20 Tr 1 1 2EPI 
84 PK 42 20 8 lS Tr 1 4 2 
12S LF 3 60 2S 2 8 2EPI 
Ash LF 1 so lS 30 3 1 
Frag LF lS 3S lS 33 2 
MPHW 60 12 2 2S 1 
MPFW 40 12 8 3S s 
Bedded Tuff 
PHENOCRYSTS 
T. S.# TEXTURES FRG QTZ PLG OPC QTZ BIO CHL SER CARB SPH SUL MAG OTHER 
43 P,LF 4 2 30 2S 30 Tr 8 Tr lTOUR 
Table 6. Modal Compositions 0f Lava Flows 
Amygdaloidal rhyolite lava flows 
PHENOCRYSTS , 
T.S.# TEXTURES QTZ PLG QPC QTZ PLG BIO CHL SER ACT CARB SPH SUL MAG OTHER 
378 p 12 3 65 7 1 10 1 1 
48 41 1 7 1 50EPI 
49A p 6 4 50 15 25 Tr Tr TrTOUR,TrAP 
498 p, A 3 55 25 3 15 2 
50 p, A 5 54 15 10 10 3 1 2 Tr AP 
52 p, A 1 52 1 10 12 1 1 2 15EPI,TrAP 
53 p I A 1 1 55 25 3 8 3 1 3 
55 P,A 4 2 50 20 2 20 2 Tr AP 
57 P,A 7 65 15 3 7 1 2 
59 P,A 4 2 63 15 8 2 2 4 TrEPI 
63 P,A 1 20 2 30 25 14 1 8EPI 
64 A 75 10 10 2 3 
62 35 2 15 7 25 3 13EPI 
76 P,A,FB 8 4 60 15 8 1 4 
:i:o 89 A 58 25 15 1 1 lEPI I w 90 P,A,FB 7 45 25 5 15 1 1 lEPI 
91 P,A,S, 2 3 55 ,15 5 10 1 1 3 
95 A 68 25 2 11 4 
96 P,S 1 1 80 15 3 
97 s 67 32 5 1 
105 P,S 1 70 15 12 2 
106 A 70 15 4 8 1 2 
114 73 9 6 10 1 1 TrEPI 
116 A 75 15 5 4 1 
120 A 59 25 10 5 1 
122 P,A 2 55 15 1 20 4 3 
128 A,S 6 65 15 3 8 1 1 1 
134 P,A 1 l? 40 5 3 25 12 7 2 6EPI 
Table 6. Continued 
phenocrysts 
T.S.# TEXTURES QTZ PLG QPC QTZ PLG BIO CHL SER ACT CARB SPH SUL MAG OTHER 
135 A,S 50 25 3 20 1 l 
136 A,S 73 15 2 8 2 
139 A,S 65 6 10 15 l l 2 TrEPI 
142 FB 75 15 5 2 3 
143 71 22 l 5 l 
141B P,A,S 6 55 25 4 6 4 
141C s 79 3 12 l 3 2 
145 P,A l l 60 20 5 10 3 
150 A,S 50 5 22 7 l l 3 lEPI 
152 p l 73 14 3 6 3 Tr AP :r 155 P,S? l 60 17 9 6 l 2 4 
"" 162 s 75 4 12 3 l 3 2 
170 P,A 2 5 75 10 3 3 2 
Quartz-feldspar porphyry 
T:s.# TEXTURES FRG QTZ PLG QPC BIO CHL SER CARB SPH MAG OTHER 
93 A,S 60 17 l 6 l 5 
94 P,ALF 4 l 52 35 2 l Tr AP 
103 P,A 4 4 2 30 30 l 15 l 3 l 
104 P,LF,A 12 3 2 45 27 l 6 l 3 
ll5 P,A 3 l 60 20 2 . 7 l 3 l 2EPI 




Table 6. Continued 
Maf ic lava flows 
PHENOCRYSTS 
T.S.# TEXTURES PLG QTZ PLG HNBD BIO CHL EPI 
12 P,A 20 6 10 3 45 5 
14 p 15 19 7 7 40 4 
25 A 20 15 15 3 35 11 
33 P,A 2 30 15 25 7 14 2 
124C 28 17 25 15 6 1 
86 P,A 2 15 15 6 16 20 10 
* Iron carbonate occurs as a pseudomorph of plagioclase phenocrysts 
CARB SPH ILM OTHER 
1 2 Tr Tr SER 
15* 4 3SER,TrMAG 
1 1 lSER 
2 4 1 TrAP,TrSER 
3 Tr 2SUL,3SER,TrTOUR 
1 2 Tr Tr AP 
Table 7. Modal Compositions of Intrusive Rocks 
Tonalite Sills 
T.S.# TEXTURES ACT BIO CHL PLG QTZ EPI SPH OTHER 
65 25 2 8 8 38 15 6 
66 30 12 12 5 30 8 2 
88 25 12 20 33 2 1 7SER,TrCARB 
99A 20 20 40 12 3 5 Tr SER 
110 M 20 8 25 38 5 lMAG,TrCARB,TrAP,3SER 
111 12 7 20 5 40 3 4 TrSER,TrAP 
112A 15 21 25 21 8 5 4SER,1CARB, Tr AP 
112B 25 7 25 3 23 12 5 TrMAG 
:i:< 1120 12 10 28 12 30 1 2 4MAG,1SUL I 
O'I 113 30 30 10 15 1 6 3SER, 4CARB I lMAG 
127 M 28 6 34 26 4 1 lSUL,TrAP 
129 5 10 25 10 39 5 2 3CARB, TrSER, lMAG 
130 30 17 17 5 25 3 3 
132 30 10 20 4 31 3 2 
133 1 25 13 10 33 7 3 3SER, 5CARB, TrMAG 
137A 3 15 30 10 33 1 3 5CARB,TrSER 
137B 2 30 20 15 26 4 3 
138 8 20 25 12 31 1 3 
138B 35 5 11 2 25 18 4 
140 M 30 7 26 35 Tr 1 lCARB,TrSER 
147 3 30 10 12 36 5 4 
148 30 6 20 2 43 1 2 Tr TOUR 
MDI M 23 10 33 31 2 lCARB,TrSER,TrMAG 
Table 7. continued 
Mafic Sills 
T.S.# TEXTURES HNBD CHL BIO PLG QTZ EPI SPH OTHER 
51 40 7 2 35 9 4 2 Tr AP 
lOOA M 37 10 4 5 12 30 2 TrSUL,TrILM 
92 M 45 12 2 15 8 15 3 TrILM,TrAP 
118BT 27 17 1 8 15 20 3 lILM,lCARB 





T.S.# TEXTURES AUG* CHL BIO PLG QTZ EPI SPH OTHER 
10 0 45 15 20 3 14 2 TrILM 
21 0 35 30 Tr 8 4 20 3 TrILM,TrCARB 
23 O,P 40 30 10 2 15 3 
69 0 33 14 27 3 20 3 TrCARB,TrSUL 
82A 0 35 13 22 8 17 2 3 ILM, TrCARB 
* Augite partially uralitized to actinolite 
Appendix II. Olemical Analyses 
The following tables are a canpilation of major and 
trace element chemical analyses perfonned by the 
Geological Survey of canaaa. Sample numbers correspond to 
sample locations on Plate 2. 
Major and trace elements were analyzed by whole rock 
X-ray fluorescence except H20, mi, and FeO which 
were done by rapid chemical. Zn, Cu and Pb were done by 
the DC plasma method. 
Major oxides are given as weight percents while trace 
elements are in parts per million. 
A-8 
Table 8. Major Element Geochemistry 
Smpl# SI02 AL203 CAO MGO NA20 K20 FE** FED FE203 TI02 H20 C02 
Hyalotuffs 
17 75.70 11.30 0.36 1.05 3.11 2.81 4.43 2.4 1.76 0.23 1 .1 0.04 
16 72.80 12.70 2.19 1.75 1.06 3.12 2.67 1.3 1.23 0 .19 1.0 0 .12 
328 79.70 9.32 0.17 1.341.02 4.15 2.08 1 .3 0.64 0 .18 0.7 0.08 
6 76.70 12.00 0.29 1.94 1.42 2.87 2.03 1 .1 0 .81 0 .15 1 .2 0.08 
58 59.80 14.80 1.23 6.09 1.13 2.14 9.36 7.3 1.25 1 .01 4.1 0.11 
15 69.90 13.60 0.47 3.84 0.62 3.26 4.91 3 .1 1.46 0.25 2.4 0.01 
3 BO.DO 11.10 0.35 1.02 3.86 1.52 1.40 0.9 0.40 0 .14 0.8 0.01 
68 76.60 11.00 2.07 0.85 1.87 2.76 2.94 1.71.05 0.20 0.6 0.02 
2A 76.90 10.80 0.12 1.14 1.21 5.41 2.47 1.5 a.so 0 .14 0.7 0.01 
838 63.30 14.50 2.45 3.21 1.52 2.35 7.69 4.5 2.69 1 .16 2.9 0.01 
28 70.60 12.80 0.43 2.35 3.11 4.13 4.63 2.8 1.52 0.39 0.9 0.01 
85 75.00 11.70 0.53 1.49 5.01 1.11 3.23 2.2 0.79 0.29 1.2 0.01 
126 80.60 9.51 0.05 2.89 0.16 2.22 1.96 1.4 0.40 0.23 1.8 0.01 
MPFW 54.30 19.60 0.11 8.09 0.56 6.37 3.46 2.1 1.13 0.24 2.1 0.02 
171 68.20 12.90 0.73 4.51 0.49 2.50 5.92 4.4 1.03 0.66 3.0 0 .04 
67 78.00 11.20 0.22 1.17 4.22 1.80 2.10 0.9 1.10 0.20 0.6 0.01 
19 74.30 11.50 1.63 1.08 0.69 4.47 3.24 1 .a 1 .24 0.25 0.9 0 .15 
18 76.50 11.10 0.19 0.27 2.64 4.80 2.05 1 .3 0.61 . 0 .18 0.6 0.04 
48 42.80 18.40 1.42 11.9 0.24 2.75 13.10 10.4 1.54 1.45 6.5 0.01 
27 66.20 14.30 5.20 1.91 0.49 3.49 5.45 2.8 2.34 0.85 0.9 0.25 
84 76.50 10.60 1.31 1.02 2.14 2.78 3.69 2.1 1.36 0.27 0.6 0.01 
Maf;c I ava flows 
25 54.90 14.10 5.15 3.77 3.51 1.01 11.90 7.7 3.34 1.50 2.7 0.01 
86 55.30 14.60 5.28 6.92 3.47 0.51 8.83 6.2 1.94 0.79 3.1 0.91 
318 56.20 14.10 6.25 3.41 2.99 0.92 10.60 6.7 3.15 1.47 2.1 0.01 
14 53.70 14.60 4.81 4.21 3.28 0.65 12.40 9.3 2.06 1.51 3.3 1.00 
33 56.60 13.80 4.34 3.83 4.47 1.15 12.40 9 .1 2.29 1.47 1.9 0.25 
QFP 
94 76.00 11.70 0.68 0.68 5.16 1.39 3.49 2.3 0.93 0.32 0.5 0.01 
104 75.30 11.40 0.94 0.64 4.61 1.85 4.18 2.8 1.07 0.32 0.7 0 .OB 
103 71.00 13.30 0.47 1.34 3.36 4.06 5.17 3.5 1.28 0.33 0.8 0.03 
Rhyol;te lava flows 
119 76.70 11.90 0.29 0.16 4.02 4.60 2.04 0.7 1.26 0.16 0.2 0.02 
155 76.60 12.30 0.46 0.39 6.10 1.83 1.64 0.9 0.64 ·o .17 0.5 0.05 
161 77.30 11.90 0.25 0. 4 5. 85 2. 0 9 1 .51 a.a 0.62 0 .16 0.3 0.04 
122 77.40 11.40 1.45 0.2 3.63 2.73 1 .81 1 .1 0.59 0 .16 0.4 0.79 
163 7 6 • 7 0 1 2. 0 0 0 • 40 0.2 5.23 2.89 2.09 1 .1 0.87 0 .17 0.3 0.01 
101 76.70 12.00 0.28 0.43 4.30 3.42 1.65 1.0 0.54 0.16 0.4 0.01 
168 76.00 12.20 0.25 0.35 5.15 3.38 1.84 0.9 0.84 0.16 0.3 0.01 
139 76.00 11.90 0.45 0.41 3.48 4.29 1.93 1 .1 0.71 0 .16 0.4 0.01 
87 76.20 11.90 0.38 0.24 4.40 3.84 2.03 a.a 1.14 0 .16 0.2 0.01 
90 75.90 12.70 0.91 0.34 5.11 2.37 1.86 1 .1 0.64 0 .15 0.4 0 .10 
62 55.30 13.60 6.98 6.93 2.50 1.31 8.84 5 .a 2.39 0.78 1 .9 0.02 
128 77.oo a.so o.33 4.06 3.98 1.82 1.1 a.so 0 .16 0.3 0.01 
61 79.90 10.60 0.35 0.38 3.54 3.21 0.68 0.4 0.24 0 .14 0.3 0.01 
136 77.20 11.40 1.20 0.58 4.07 2.18 1.80 0.6 1.13 0 .15 0.3 0.01 
57 77.10 11.90 0.20 0.28 4.17 4.13 1.95 1.2 0.62 0.17 0.2 0.01 
149 76.30 12.00 0.25 0.47 4.20 4.21 2.38 f .5 0.71 0 .16 0.3 0.01 
91 77.10 11.40 0.35 0.35 3.71 3.83 1.88 0.7 1.10 0 .16 0.4 0.03 
116 78.40 11.40 3.41 0.42 1.94 1.55 1.98 1.0 0.87 0 .17 0.5 0.20 
55 71.70 13.70 0.19 0.75 3.00 5.62 3 .16 1.6 1.38 0 .18 0.6 0.03 A-9 
Table 8. cont. 
Smpl# SI02 AL203 CAO MGO NA20 K20 FE* FEO FE203 TI02 H20 C02 
Tonal ite si I ls 
133 59.10 13.80 4.61 3.42 4.14 1.79 7.92 5.4 1.92 0.99 1.6 1.50 
110 66.80 12.60 3.12 0.83 3.7S 1.70 B.S7 6 .o 2.30 0 .68 1.0 0.20 
SSA 61.60 14.30 3.S5 2.47 4.11 1.44 8.72 5.5 2.61 1.46 1.7 0.02 
140 67.10 12.70 2.08 1.68 4.241.74 8.17 6.11.3S 0.65 1 .2 0.37 
88 61.80 12.80 3.15 4.23 3.86 0.32 7 .SS 5.1 2.02 0.88 1.4 0 .39 
12S so.co 14.40 4.34 2.S7 4.5S 1.3S 8.23 4.7 3.01 1 .26. 1.2 0.72 
65 58.40 14.20 6.3S 2.77 3.84 1.07 S.4S 5.5 3.38 1.42 1.3 0.03 
113 53.70 14.10 3.51 6.01 3.74 2.04 10.90 7 .9 2 .12 1 .66 2.4 0.39 
66 63.30 14.20 5.06 3.43 5.16 0.51 6.16 3.5 2.27 o.ss 1.2 0.02 
111 61.90 14.20 4.08 1.98 4.30 2.00 B.5S 5.7 2.26 1 .39 1 .1 0 .18 
54 54.10 15.70 5.47 6.65 4.40 0.83 9.37 6.5 2.15 a.as 2.2 0.02 
130 60.50 13.50 5.51 5.03 3.28 1.13 a.as 5.3 2.19 0.85 1.4 0 .15 
53 57 .30 15.00 4.43 5.87 4.39 0.59 7 .5S 5.3 1.70 0.82 2.4 0.03 
1120 53.50 14.20 4.95 5.87 4.46 0.61 11.60 7.4 3.38 1.74 2.5 0.01 
127 67.90 12.70 2.93 0.68 4.45 1.32 7.S4 3.4 4.16 0.70 1.0 0.01 
148 63.80 12.SO 4.94 3.88 3.66 0.59 7.21 4.5 2.21 0.87 1.6 0.01 
138A 62.00 13.80 3.76 4.14 4.S7 0.94 6.20 4.7 0.98 0.92 1 .3 0.01 
1388 63.40 14.10 6.39.4.12 3.63 2.15 7 .14 3 .9 2.81 0.73 1.3 0.01 
* 
Fe*=total iron, Fe 2o3= Fe*-l.11134Fe0 
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Table 9. Trace Element Geochemistry and Alteration Type 
Smpl# OJ ZN PB CR RB SR y ZR NB BA Al typ * 
Hyalotuffs 
17 23.a 25a.a 6.a 2a 19a 7a 9a 480 6a 57a 2 
16 a.5 13a.a 12.a 1a 26a 19a 11a 36a 3a 9aa 2 
32B 25.a 11a.a 4.a 1a 140 1a 12a 19a 40 83a 2 
6 2.a 100 .a 14.a 2a 13a 40 13a 3aa 40 45a 2 
58 a.5 240.a 6.a 2a 9a 40 5a 31a 3a 94a 2 
15 6.a 21a.a 1a.a 2a 15a 7a 12a 42a 5a 66a 2 
3 4.a a9.a 16.a 2a aa 5a 11a 22a 3a 340 2 
6a a.a 180.a 14.a 2a 19a 21a 15a 29a 5a 125a 2 
2A 11.a 65.a 12.a 1a 140 2a 1aa 240 5a 146a 2 
a3B 27.a 140 .a 1a.a 2a 11a 15a 3a 21a 1a 75a 4 
2B 5.a 11a.a 6.a 40 150 3a 6a 23a 3a 121a 1 
a5 6a.a 62.a 6.a 2a 40 1a aa 36a 5a 33a 1 
126 5.a 13a.a 2.a 3a 110 1 a 13a 320 50 330 2 
MPPt/ 16aa.a 11aaa.o 15a.a 1a 280 1a 140 49a 60 61a 2 
171 6.5 26a.a 4.0 40 120 1a 9a 33a 3a 690 4 
67 31.a 65.0 4.a 40 BO 40 1aa 280 40 53a 2 
19 9.0 19a.a 1 a.a 1a 27a 1aa 1aa 200 40 162a 2 
1a 2.0 17a.a 12.a 1a 230 10 90 620 BO 11 aa 2 
48 a.5 22a.o 6.a 2a 130 1a 6a ·36a 40 50a 4 
27 43 .o 140.0 8.0 1a 320 210 70 27a 3a a9a 2 
a4 74.a 390.a 3a.a 3a 15a 40 40 13a 2a 340 2 
Ma fie I ave flows 
25 24.a 11 a.a 6.a 2a 50 170 3a 11a 20 37a 2 
a6 41 .a 97.a 2.a 340 3a 2ao 10 110 10 2ao 3 
318 2a.a 12a.a 4.a 2a 5a 29a 2a 1aa 3a 19a 1 
14 21 .a 13a.o 6.a 2a 5a 25a 2a 12a 20 220 2 
33 24.0 13a.o 2.a 2a 40 1aa 1a 12a 20 33a 1 
QFP 
94 3.5 53.0 2.a 2a 70 3a 140 67a 40 380 1 
1a4 25.a 140.a 2.a 2a 7a 20 140 650 3a 62a 2 
1a3 2.0 a6.0 2.0 1a 15a 2a 140 66a 50 12aa 2 
Rhyolite I ava flows 
119 1 .5 52.a 2.a 1a 15a 2a 120 31a 6a 77a 1 
155 2.5 3a.a 2.0 3a 40 3a 19a 34a 5a 580 1 
161 4.0 35.0 2.0 3a 60 40 150 310 40 a6a 1 
122 2.5 71.a 4.a 2a 110 40 13a 31a 40 640 2 
163 2.0 a3.a 2.0 1a 9a- 1a 110 33a 40 7aa 1 
1 a1 21.a 24.a 2.a 10 1aa 10 12a 31a 5a 93a 2 
16a 12.a 21.0 6.a 2a 13a 1a 9a 32a 50 9aa 1 
139 4.a 49.a 4.a 1a 11a 2a 13a 32a 40 a9a 1 
a7 4.a 65.0 2.0 1a 12a 40 110 31a 30 73a 1 
9a 3.a aa.a 4.a 2a 6a 40 140 290 40 750 1 
62 22.a a7.a a .o 340 60 22a 10 12a 2a 390 3 
12a 1 .a 72.a 4.0 1a 13a 2a aa 320 5a a90 1 
61 2a.a 31.a 2a.o 2a 7a 3a 12a 240 3a a70 1 
136 23.a 31.0 2.a 2a 1ao 25a 130 3aa 30 770 2 
57 10.a 4a.a 2.a 10 110 2a 1oa 33a 3a 9ao 1 
149 6.a 70.0 2.a 1a 130 2a 1oa 33a 5a 1080 2 
91 12.0 27.0 2.a 1a 100 2a 11a 33a 40 127a 1 
116 7.a 100 .a 12.0 1 0 13 a 1 90 1 BO 3 6 a 40 5aa 2 
55 a.a 9a.a 2.0 10 2oa 10 11a 40a 40 1160 2 
A-11 
Table 9. cont. 
* Smpl# cu ZN PB CR RB SR y ZR NB BA Al typ 
Tonal ;te s; I Is 
133 33.a 17a.a 2.a 11a 7a 17a 3a 19a 2a 43a 2 
11a 6.a 17a.a 2.a 1a 7a 7a 9a 46a 3a 540 2 
99A 27.a 12a.a 4.a 1a 6a 16a 40 21a 3a 40a 2 
140 2.5 16a.a 2.a 1a BO 16a ea 45a 3a 47a 2 
BB 11.a 1aa.a 2.a 140 ea 19a 5a 210 3a 52a 1 
129 6.5 92.a 2.a 40 7a 150 2a 23a 2a 36a 2 
65 19.a 120.a 2.a 3a 7a 140 1a 17a 2a 2BO 3 
113 17.a 120 .a 2 • a 1 2a 13 0 16 a 2a 12a 3a 540 3 
66 3.a 49.a 6 .a 1aa 2a 21a 2a 19a 2a 240 3 
111 1a.a 11 a.a 2.a 1a 6a 140 3a 240 3a 5aa 3 
54 32.a 11a.a 2.a 22a 2a 17a 1a 13a 3a 23a 1 
13a 1a.a 120.a 2.a 19a 5a 11a 1 a 19a 3a 3aa 3 
53 1 a.a 86.a 2.a 15a 2a 2aa 1a 13a 10 160 1 
1120 3.5 89.a 2.a 11a 40 15a 20 120 2a 140 3 
127 26.a 25a.a 2.a 1a 5a 1ao 6a 45a 3a 40a 1 
148 3.5 65.a 2 .a 11 a 40 11a 1a 2oa 3a 21a 3 
13BA 1.a 36.a 4.0 11a 40 17a 3a 210 2a 22a 3 
138B 4.5 7a.a 4.a 1 BO 1a 2aa 20 16a 20 19a 2 
* 
Alteration types: 
1. least altered 
2. sericite/biotite alteration 
3. actinolite alteration 
4. dalrnatianite 
A-12 
Appendix III: X-Ray Diffraction and Hand Sant>le 
Staining Analyses 
16 samples were analyzed by X-ray diffraction at the 
University of Minnesota, Duluth to identify the chlorite 
species present and to confirm the presence of 
cordierite in quartz-rich samples. In addition, one 
sample of a tounnaline inclusion-rich quartz vein was 
analyzed to determine the tounnaline species present. 
Unoriented and oriented slide m::>unts were scanned fran 
4-7r:JJ at 2°/minute using a Picker Diffractaneter with 
CuKoeradiation. Mineral identifications were made using 
Switzer (1962), and Berl:y (1974). 
8 altered samples were etched with a 0.2% solution of 
hydrochloric acid and then stained with a 0.2% solution 
of alizarin red S and a 1.0% solution of :i;:otassium 
f erricyanide to determine the carronate species as 
outlined by Friedman (1959) and Evamy (1962). 



























Ferroan clinochlore, penninite 
Ferroan clinochlore 
Ferroan clinochlore, pennini te 
Ferroan clinochlore, penninite 
Ripidolite?, penninite 
Ripidolite? 
Ferroan clinochlore, penninite 
Ferroan clinochlore, penninite 








Sericite, chlorite alteration 
14 
55 
113 
133 
Dalmatianite 
4B 
5 B 
carbonate Species 
Ferroan dolanite/ankerite 
Ferroan dolanite/ankerite 
Ferroan dolanite 
Ferroan dolanite/ankerite 
Ferroan dolanite/ankerite 
Ferroan dolanite 
Ferroan dolanite 
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Cordierite 
x 
x 
x 
x 
x 
x 
